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Abstract
The ability of dietary strategies to mitigate CH4 emissions must be balanced with their effects
on animal performance in order to be widely adopted by producers. This thesis investigated
promising supplements [P. freudenreichii, crude glycerin and two species of micro-algae (A.
nodosum and Schizochytrium spp.)] in terms of their CH4 mitigation potential, effects on
lamb production, fatty acid (FA) profile of lamb; and wool yield and quality characteristics.
It is noted that there is a strong consumer push for a healthier FA composition of lamb and
as such producers will inevitably shift production to meet consumer demands. Results
presented here indicate the potential of P. freudenreichii to reduce CH4, but showed little
effects on FA biohydrogenation. Supplementation of crude glycerin successfully replaced
wheat in Merino ewe diets; however, no improvements were observed on wool yield or
quality. The supplementation of Tasco® (A. Nodosum) did not affect production performance,
but failed to favourably alter the FA profile of lamb as compared to other dietary oils.
Conversely, DHA-Gold (Schizochytrium spp.) supplementation elicited a favourable shift in
the FA profile of lamb through n-3 enrichment of both adipose tissue and skirt muscle. A
further molecular investigation into the regulation of adipogenesis in lambs revealed
differences in miRNA expression between subcutaneous and perirenal adipose tissues that
could be influenced by micro-algae supplementation. As such, the results presented in this
thesis suggest that although supplements may have the potential to reduce CH4 emissions,
their effects on production may not always be favourable. In the current case, the
supplementation of micro-algae (Schizochytrium spp.) proved to be the most effective at
positively modifying the FA profile of lamb.
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1Chapter 1 - General Introduction
The agricultural sector is currently faced with the challenge of feeding a growing
population predicted to peak at 9.2 billion people by 2050 (FAO, 2006), whilst meeting social
and environmental obligations to reduce greenhouse gas (GHG) emissions. Agricultural
production has already grown 2.1 to 2.3% per year over the past 40 years (FAO, 2009) and
is responsible for 10 to 12% of global anthropogenic GHG emissions (IPCC, 2007).
However, a significant increase in agricultural production will be required to meet increasing
demands for high protein foods (IPCC, 2007), an event which is likely to lead to intensified
production practices and subsequent increases in GHG emissions. The majority of growth is
expected to occur in developing countries, where the prevention of hunger and alleviation of
food shortages will outweigh attempts to limit GHG emissions (McAllister et al., 2011b), a
choice which will have unknown impacts on climate change.
Increasing the efficiency of ruminant production is vital for food production to meet
increasing demands. Despite the nutritional, social and economic importance of ruminant
products, their contribution to GHG emissions is often criticised. Within the agriculture
sector, the production of methane (CH4) is the primary concern. As such, many governments
have been implementing policies aimed at reducing CH4 emissions from livestock.
Mitigation strategies such as genetic selection, use of chemicals and vaccines and the capture
of CH4 have been proposed, yet, dietary manipulation is considered the most promising
strategy for the abatement of CH4 from ruminant production systems. Of the dietary strategies
employed, supplementation of lipids is considered the most effective and consistent (Martin
et al., 2010). Dietary lipids can reduce CH4 production through a direct reduction in the
amount of OM that is fermented in the rumen (Beauchemin et al., 2009b; Machmuller et al.,
22000; Martin et al., 2010) or through the inhibition of methanogens and protozoa
(Beauchemin et al., 2009b; Machmuller et al., 2000; Martin et al., 2010). Additionally, diets
high in unsaturated fatty acids (FA) undergo a series of reductions in the rumen known as
biohydrogenation, which forms an alternative hydrogen sink to methanogenesis (Johnson and
Johnson, 1995). Despite the potential to reduce CH4, the associated saturation and subsequent
incorporation of highly saturated FA into ruminant tissues is undesirable from a human health
perspective, as saturated FA (SFA) have been linked to cardiovascular disease (WHO, 2003).
Increasing consumer awareness of meat quality and the associated health implications of
consuming a diet high in SFA has led to a desire to increase n-3 FA consumption to
counteract these negative health problems (Department of Health, 1994). This has prompted
a more comprehensive understanding of FA metabolism and the molecular regulators which
may influence the incorporation of these FA into ruminant tissues. As such, this thesis aims
to examine supplements identified as being capable of mitigating CH4 emissions for their
potential effects on production characteristics, wool growth and quality and their ability to
manipulate the FA profile of ruminant tissues, such that, the incorporation of SFA/PUFA and
n-6/n-3 ratios are not increased. In addition to dietary effects on ruminal biohydrogenation
and desaturation, the molecular mechanisms regulating the deposition of adipose tissue in
lambs was also investigated.
3Chapter 2 - Literature Review1
2.1. Greenhouse Gas Emissions from Ruminant Production
As the human population grows, humanity will become increasingly reliant on the
ability of ruminant livestock to convert the world’s fibrous biomass, unsuitable for human
consumption, into high quality meat and milk protein with increasing efficiency. However,
livestock are increasingly scrutinized for their GHG emissions, as the two primary GHGs
produced by livestock production systems, nitrous oxide (N2O) and CH4, have global
warming potentials 298 and 25 times greater than CO2, respectively (IPCC, 2007). As such,
improving animal productivity and therefore minimizing the production of GHG per unit of
product produced, has become the focus of most research.
Methane produced by ruminant livestock accounts for 37% of total anthropogenic
CH4 emissions (FAO, 2006). It arises predominantly from enteric fermentation and to a lesser
extent, from manure storage. Although enteric fermentation is essential for the effective
degradation of organic matter (OM) in the rumen (Beauchemin et al., 2009a; McAllister et
al., 1996), CH4 has no nutritional value to the host and therefore represents a loss of up to
12% of gross energy intake (GEI) (Beauchemin et al., 2008; Johnson and Johnson, 1995).
Thus, strategies which mitigate CH4 emissions are not only environmentally beneficial, but
also result in greater energy-use efficiency of feed by the animal. For example, a 25%
reduction in CH4 emissions could potentially increase body weight (BW) gain of growing
cattle by 75 g/d or milk production in dairy cows by approximately 1 L/d, based on the energy
balances reported by Bruinenberg et al. (2002) and Nkrumah et al. (2006). Given the
1 Literature review was published in part: Meale, S. J., McAllister, T. A., Beauchemin, K. A., Harstad, O.
M., Chaves, A. V. 2012. Strategies to Reduce Greenhouse Gases from Ruminant Livestock. Acta
Agr. Scand. A – An. 62: 199-211
4increasing demand for high protein foods, emerging mitigation strategies will likely focus on
reducing emissions per unit of meat or milk as opposed to reducing overall GHG emissions.
Manipulating ruminal methanogenesis has been the focus of many CH4 mitigation
strategies yet, very few have been successful at persistently reducing CH4 production. Enteric
CH4 production by methanogens is reduced if the flow of H2 is shifted towards alternative
electron acceptors. However, as the reduction of many of the alterative acceptors is less
thermodynamically favourable than the reduction of CO2 to CH4, fermentation invariably
reverts back to the production of CH4. Short term suppression of CH4 can be achieved by
directly inhibiting methanogens, disrupting their commensal relationship with protozoa or
providing an end point to fermentation that continuously uses H2 (McAllister and Newbold,
2008). Feeding strategies based on these principles have been successful at reducing enteric
CH4 emissions, at least in the short term (Beauchemin et al., 2009a). However, the potential
effects these supplements may have on various production characteristics of sheep, including
growth and carcass characteristics, wool production and the FA profiles of tissues, in addition
to their potential to reduce CH4 production, are not fully understood.
2.2. Potential of Dietary Supplements to Mitigate Methane Emissions
2.2.1. Lipids
The supplementation of lipids is considered the most effective way of depressing
ruminal methanogenesis (Machmuller et al., 2000; Martin et al., 2010), at least in the short
term. Although reductions of up to 40% of CH4 emissions can be achieved with high levels
of lipid supplementation (Jordan et al., 2006; Machmuller and Kreuzer, 1999), reductions of
510–25% are more common as the level of lipids in ruminant diets must be limited to 6 – 8%
DM to avoid negative impacts on feed intake and fiber digestion (Beauchemin et al., 2008).
Beauchemin and McGinn (2006) added canola oil (4.6% DM) to a high-forage diet and
effectively suppressed CH4 emissions, as a percentage of GEI, by 21% in dairy and beef
cattle. However, emissions relative to digestible energy (DE) intake were only 6% lower than
the control, reflecting the negative impact that feeding high dietary lipid concentrations can
have on digestibility.
Inclusion of lipids in the diet decreases the amount of OM that is fermented in the
rumen and therefore, reduces CH4 production (Beauchemin et al., 2009b; Machmuller et al.,
2000; Martin et al., 2010). Additionally, lipids can exhibit direct inhibitory effects on
methanogens and protozoa (Beauchemin et al., 2009b; Machmuller et al., 2000; Martin et al.,
2010), and if rich in unsaturated FA, act as a hydrogen sink through biohydrogenation of FA
(Johnson and Johnson, 1995). These microbial changes favour a shift in ruminal fermentation
towards propionate, and thus, to a potential reduction in CH4 production.
Factors such as the level of supplementation, the source of fat and associated FA
profile, and the form in which the fat is administered (i.e. refined oil or oilseeds) can result
in highly variable responses. For example, a 2.3% reduction in CH4 (g/day) with each
percentage unit of fat added to the dietary DM, was reported by Eugene et al. (2008) yet, this
disappeared when corrected for intake (g/kg DM intake [DMI]). A mean decrease in CH4 of
3.8% with each 1% addition of supplemental fat was observed by Martin et al. (2010). A
recent meta-analysis by Grainger and Beauchemin (2011), which excluded studies with lipid
supplementation above 8% DM, found a 1 g/kg DMI reduction in CH4 production from cattle
and a 2.6 g/kg reduction in sheep, with every 10 g/kg of dietary fat added.
6Including feeds high in long-chain FA (LCFA), such as sunflower oil, canola oil
(Beauchemin and McGinn, 2006; McGinn et al., 2004), tallow and soybean oil have proven
effective in reducing CH4 emissions by up to 22% of GEI (Johnson and Johnson, 1995; Zinn
and Plascencia, 1996). The ability of LCFA to suppress ruminal methanogenesis is
considered proportional to the degree of unsaturation of the FA (Giger-Reverdin et al., 2003).
Long chain FA inhibit ruminal cellulolytic microbes (Maczulak et al., 1981), with a higher
degree of unsaturation being associated with decreased ruminal fermentation (Beauchemin
et al., 2007; NRC, 2001). The negative effects of feeding LCFA on intake and digestion could
be attenuated by releasing lipids more slowly into the rumen, perhaps by supplementing
lipids in the form of whole or moderately processed oilseeds rather than as free oil (Dhiman
et al., 2000).
Like long chain FA, supplementation of medium chain FA (≤ C14) has also produced
large reductions in CH4 emissions from cattle. Supplementation of coconut oil, rich in
medium chain FA (C12 and C14) reduced in vitro CH4 emissions 6.8 – 8.3% when included
at up to 6.2 mL/L, but a linear reduction in DM and NDF digestibility was also observed
(Patra and Yu, 2013). Similarly, Hollmann et al. (2012) reported a linear reduction in CH4
emissions from lactating dairy cows fed up to 3.3% DM coconut oil, yet a concomitant
reduction in DMI, milk yield and NDF digestibility was observed suggesting coconut oil has
limited potential for inclusion in dietary mitigation strategies.
The persistence of the effects of lipids on CH4 production has yet to be confirmed and
remains an important avenue of research. Ivan et al. (2004) and Grainger et al. (2008; 2010)
reported reductions in CH4 emissions can be maintained for up to 3 months with the addition
7of lipids. However, the potential for rumen microflora to adapt to shifts in diet composition
may result in lipid supplementation having a transient impact on CH4 emissions.
2.2.2. Bacterial Direct-Fed Microbials
Among the different strategies researched to reduce ruminal methanogenesis, the use
of direct-fed microbials (DFM) has received little attention. From a practical perspective, the
use of DFM including yeast, have already gained acceptance from producers for their ability
to improve animal productivity and health (LeJeune and Wetzel, 2007). Bacterial DFM are
defined as feed products that contain a source of live or naturally occurring bacteria
(McAllister et al., 2011a). Lactic acid-utilizing bacteria (e.g. Propionibacterium spp. and
Megasphaera spp.) are thought to promote propionate production and help prevent the
accumulation of lactate in the rumen (Kung and Hession, 1995; Nisbet and Martin, 1994).
Conversely, the presence of lactic acid-producing bacteria (e.g. Lactobacillus and
Enterococcus spp.) is considered to facilitate the adaptation of rumen microbes to the
presence of lactate thus, aiding in the prevention of ruminal acidosis (Ghorbani et al., 2002;
Nocek et al., 2000). Alazzeh et al. (2012) reported that several strains of propionibacteria
reduced in vitro CH4 production, but this reduction was not always associated with an
increase in propionate production. It has also been reported that several species of
propionibacteria exhibit antimicrobial activity and produce antimicrobial peptides that may
contribute to a reduction in CH4 (Brede et al., 2004; Gwiazdowska and Trojanowska, 2006;
Holo et al., 2002). Supplementing the diets of feedlot cattle with E. faecium increased
propionate production (Beauchemin et al., 2003), a metabolic shift that is generally linked
with a reduction in CH4 production. However, this was also associated with undesirable
8changes, such as a reduction in intestinal NDF digestion. Thus, further research into
developing DFM capable of favourably altering the rumen environment, without
compromising animal performance is warranted. Similarly, the ability to introduce a DFM
into a stable rumen ecosystem whilst maintaining its beneficial characteristics has proven
difficult.
2.2.3. Crude Glycerin / Glycerol
The increasing availability of crude glycerin as a by-product of the biodiesel industry
has led to an interest in its use as an energy source in ruminant diets. Reported as early as
1953, the fermentation of glycerol increases the production of propionate and decreases
acetate production, whilst causing little change in butyrate (Johns, 1953). Similar effects have
been observed more recently (DeFrain et al., 2004; Rémond et al., 1993; Schröder and
Südekum, 1999). Recent in vitro studies, summarised in Table 2.1., have shown promising
effects of crude glycerin/glycerol supplementation on CH4. An in vitro study by Lee et al.
(2011) was the first to report glycerol favoured higher propionate production and reduced
enteric CH4 production/unit of DE. However, Avila et al. (2011) suggested that replacing
barley grain with glycerol in a feedlot diet increases propionate production, but in vitro CH4
production as a function of digested DM or substrate DM, was unaffected. More recent work
showed that addition of glycerol to lamb diets did not lower enteric CH4 emissions, possibly
because the preferred biochemical pathway used to convert glycerol to propionate in the
rumen does not act as a net electron sink (Avila-Stagno et al., 2013a). Additionally the results
of Avila-Stagno et al. (2013b) support this, as although the supplementation of glycerol to
forage diets shifted fermentation toward propionate in a semi-continuous fermentation
9system (rumen simulation technique, RUSITEC), it also resulted in an increase in CH4
production, suggesting that the fermentation of glycerol does not act as a hydrogen sink.
Despite, promising results in vitro, the ability of glycerin to reduce CH4 emissions in vivo
has not yet been observed. The lack of an in vivo effect may be attributed to an adaptation of
the rumen microbial population to glycerin. Alternatively, different dietary substrates may
play a role in the propiogenic properties of glycerin whereby, the switch towards propionic
fermentation appears to be more important in high-forage diets than high-grain diets. Future
research is needed to clarify the impact of glycerin on rumen function, as well as its
interaction with other carbohydrates and possible effect on CH4 production.
2.2.4. Micro-algae
Studies on the supplementation of micro-algae in ruminant diets are relatively scarce.
Current knowledge indicates that the high concentrations of eicosapentaenoic acid (EPA or
20:5n-3) and docosahexaeonic acid (DHA or 22:6n-3), the two major bioactive PUFA
naturally synthesised by micro-algae (Abril et al., 2000; Boeckaert et al., 2007a; Givens et
al., 2000) are considered to favourably shift ruminal fermentation towards increased
propionate production and decreased CH4 production (Johnson and Johnson, 1995). This was
observed in vitro where CH4 production was reduced by up to 80% with the addition of up
to 83.3 mg of a DHA-edible algae product, Aquagrow-DHA (Advanced BioNutrition Corp,
Columbia, MD, USA), in combination with sunflower (20 mg) or linseed oil (20 mg; Fievez
et al., 2007). Furthermore, Petrie et al. (2010) reported that when beef cattle were offered a
diet containing 2.0% fish oil (approximately 1.2% EPA and 0.4% DHA, total FA basis), CH4
emissions were reduced by approximately 25%. While the in vitro results of micro-algae
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supplementation appear promising, it is clear that further in vivo studies are required to
elucidate the optimum dose in ruminants in terms of effects on DMI, animal performance,
carcass characteristics and CH4 mitigation.
2.3. Potential of Dietary Supplements to alter Ruminant Growth, Carcass
Composition and Wool Production and Quality
If a successful reduction in CH4 emissions was achieved through the supplementation
of either glycerin, micro-algae or bacterial DFM, a redirection of hydrogen in the rumen
would result and theoretically, have the potential to increase the energy available to the
animal for growth (Beauchemin and McGinn, 2006). Although this is promising in terms of
animal efficiency, careful consideration of the associated effects these supplements may have
on rumen fermentation, carcass characteristics, meat quality and FA composition must be
undertaken. As although these supplements may be considered beneficial from an
environmental perspective for their ability to reduce CH4 emissions, if they have no effect or
potentially detrimental effects on production, their widespread adoption by producers would
be unlikely.
2.3.1. Bacterial Direct-fed Microbials
Originally, bacterial DFM were included in ruminant diets to alter post-ruminal
microflora in a favourable manner (Beauchemin et al., 2003; Fuller, 1999). However,
advancements led to the production of DFM targeted at improving rumen function, fibre
digestion and reducing the occurrence of ruminal acidosis in cattle (Beauchemin et al., 2006).
A review by Krehbiel et al. (2003) reported that supplementation with DFM increased ADG
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2.5 to 5% and improved feed efficiency in feedlot cattle by 2%. Improvements in milk yield,
growth and feed efficiency of cattle have also been observed with more advanced DFM
(Nocek and Kautz, 2006; Weiss et al., 2008; West and Bernard, 2011). However, overall
responses to DFM in ruminants have been inconsistent as summarised in Table 2.2. Feeding
propionibacterium, a lactic acid utilizer naturally present in the rumen, could assist in
maintaining low concentrations of lactic acid in the rumen, while increasing production of
propionate (Lehloenya et al., 2008), the major precursor for gluconeogenesis in ruminants
(Huntington, 1990). Inoculation with P. freudenreichii improved the energy status of
ruminants, increased milk production and improved feed efficiency (Aleman et al., 2007;
Stein et al., 2006; Weiss et al., 2008). Boyd et al. (2011) fed Holstein dairy cows a corn and
ryegrass diet supplemented with 4 × 109 cfu/head of a combination of Lactobacillus
acidophilus NP51 and P. freudenreichii NP24, and despite no effects on DMI, milk fat
percentage or efficiency (milk yield/DMI); milk yield and protein (kg/d) increased.
Propionibacterium has increased propionate concentrations in the rumen in some studies
(Lehloenya et al., 2008; Stein et al., 2006); however, Ghorbani et al. (2002) fed ruminally
cannulated steers a diet of steam-rolled barley, barley silage and a protein mineral supplement
at a ratio of 87:9:4 with Propionibacterium P15 (109 cfu/g) and reported no effect on total
VFA concentration or the proportion of individual VFA. Alazzeh et al. (2012) reported a
reduction of acetate and an increase in propionate concentrations with the in vitro
supplementation of P. propionicus T83 with corn grain.
Studies examining the effects of propionibacterium on ruminal pH are relatively
scarce. Most studies have reported no effects in steers (Ghorbani et al., 2002; Lehloenya et
al., 2008) or dairy cows (Raeth-Knight et al., 2007). However, a study by Stein et al. (2006)
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reported that ruminal pH was reduced in dairy cows fed a high dose of propionibacterium
P169 (6-1011 cfu/d) compared to those fed either a low dose (6-1010 cfu/d) or the control. The
authors collected rumen fluid samples via intubation, and thus, ruminal pH was considerably
higher than expected had they been measured using indwelling pH probes (McAllister et al.,
2011a). As the majority of studies conducted regarding DFM have been carried out in cattle,
there have been no reports on the associated effects of bacterial DFM supplementation on
wool production in sheep.
2.3.2. Crude Glycerin / Glycerol
In some studies, replacing starch based ingredients in ruminant diets with glycerin at
up to 15% DM has been shown to improve DMI (Fisher et al., 1971; Moore et al., 2011),
fiber digestibility and/or milk production (Johnson, 1954), while in others it has been found
to have no effect (Fisher et al., 1973; Gunn et al., 2010a; Hess et al., 2008; Mach et al., 2009;
Musselman et al., 2008). The results of studies focusing on production effects and carcass
characteristics are presented in Table 2.3. Recently, Hales et al. (2013) reported the inclusion
of crude glycerin at up to 7.5% DM increased ADG, whilst having no effect on DMI;
however, at concentrations of 7.5 to 10% DM, ADG was decreased. Schröder and Südekum
(1999) replaced more than half the rapidly fermentable starch in diets fed to dairy cattle and
sheep with glycerol of different purities at up to 10% DM, without negatively affecting DMI,
ruminal digestibility or rumen microbial synthesis. Additionally, they concluded that when
fed with a low-starch concentrate, pure glycerol can be included at up to 20% DM with either
no effect or positive effects on nutrient digestibility. Similarly, Avila-Stagno et al. (2013a)
found no effect on DMI when glycerol was included at concentrations of up to 21% DM in
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lambs fed high grain diets. However, feeding in excess of 30% DM negatively affected
growth and carcass quality in lambs (Gunn et al., 2010a; Gunn et al., 2010b). Reduction in
DMI of finishing steers fed 10% crude glycerin (Pyatt et al., 2007) and a reduction in the
cellulolytic activity of rumen bacteria (Roger et al., 1992) has also been observed following
supplementation of ruminant diets with glycerol. These results were thought to be caused by
increasing concentrations of glycerol negatively affecting the rumen environment yet, rumen
microflora have been shown to adapt to glycerol feeding (Krehbiel, 2008). The rate and
extent to which this adaptation occurs is largely unknown, suggesting further research is
needed to determine the effects of extended glycerol supplementation on intake, production
and animal health. The inconsistent effects of glycerol supplementation on ruminants may
also be attributed to its purity, as the type and level of impurities in crude glycerol can
potentially influence the product’s palatability (Schröder and Südekum, 1999).
The declines in ADG associated with reduced DMI with glycerin feeding, do not
appear to impact feed efficiency. In a study by Lage et al. (2014), a linear reduction in DMI
was observed in lambs supplemented with crude glycerin at up to 12% DM. However, this
was attributed to a dietary crude fat content of 6.9 to 8.2% DM negatively affecting digestion
and as a result, ADG. Similar studies reported that the inclusion of glycerol at up to 21% DM
in the diets reduced ADG and final body weights of lambs (Avila-Stagno et al., 2013a), but
did not affect feed efficiency (Avila-Stagno et al., 2013b). Previous studies have indicated
that the inclusion of crude glycerin at up to 15% DM in the diets of finishing wethers
improved feedlot performance (DMI, G:F and ADG), particularly in the first 14 d, but feeding
in excess of 30% negatively affected both growth and carcass quality (Gunn et al., 2010a;
Gunn et al., 2010b).
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There are only a few reports of the effects of crude glycerin supplementation on meat
quality. As crude glycerin supplementation increases glucose which can be used as a carbon
source for FA synthesis, it could be predicted that crude glycerin supplementation may
increase marbling (Schoonmaker et al., 2004). However, studies which have examined
marbling in ruminants suggest a negative relationship between the level of crude glycerin in
the diet and the amount of fat deposition in muscle, with the optimal levels of marbling
achieved at levels ranging from 4% DM in crossbred heifers (Parsons et al., 2009) to 10%
DM in beef steers (Versemann et al., 2008). Conversely, marbling scores were unaffected in
beef heifers fed glycerol at up to 15% DM in a study by Elam et al. (2008) indicating the
variability in responses to level of crude glycerin in the diet and the need for further
evaluation of effects on carcass and meat quality.
Wool production is primarily influenced by the supply of amino acids to the wool
follicle (Hynd and Masters, 2002). The predominant energy substrates available to the follicle
appear to be glucose and glutamine, whereas excessive levels of acetate have been shown to
not adequately maintain fibre growth (Hynd and Masters, 2002). As glycerol can be
fermented to propionate, a gluconeogenic precursor (Donkin et al., 2009), there is the
potential for glycerol to increase energy availability to wool follicles. However, a study by
Kempton et al. (1978) found no effects on the rate of wool growth when lambs were given
access to glucose (at up to 80 g/d) through a suckling bottle. Similarly, Aitchison et al. (1989)
supplemented diets of mature Merino wethers with avoparcin and lasalocid and observed a
similar shift towards the preferential production of propionate yet, no effects on wool
production were reported. It is currently unknown if the direct supplementation of glycerol
will impact wool production or quality.
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2.3.3. Micro-algae
The effects of micro-algae on ruminant production are inconsistent. Boeckaert et al.
(2007b) demonstrated that when 384 g/d of DHA Gold® (Schizochytrium spp.; containing 73
g DHA) was fed to dairy cows, DMI was reduced by 46%, milk yield by 45%, milk fat
concentration by 20% and milk fat yield by 55%. In a later study, Boeckaert et al. (2008)
reported a 10% reduction in DMI when DHA-Gold® was fed at 0.9% DM to lactating
Holstein cows. Similarly, Franklin et al. (1999) fed the same strain of micro-algae
(Schizochytrium spp.), in either protected (coated with xylose; U.S. Patent 5,789,001;
LignoTech USA, Rothschild, WI) or unprotected forms at 3.97% DM, to lactating Brown
Swiss and Holstein cows and observed an 18.5 to 22.3% reduction in DMI. Clearly,
supplementation of this strain of micro-algae in lactating dairy cows is not a viable option if
production is to be maintained.
However, in Suffolk-cross weather lambs fed diets containing algae, described as a
dinoflagellate of the class Dinophyceae (Martek Biosciences Corp., Columbia, MD) at 15.5%
DM in combination with either fish oil or a protected linseed and soybean supplement
(CSIRO, Blacktown, NSW, Australia) and found no effects on intake, ADG, G:F or carcass
characteristics (Cooper et al., 2004). Similarly, a commercially available brown algal
product, Tasco® (Ascophyllum Nodosum) was top-dressed at up to 2% DM onto a pelleted
barley-grain based diet fed to Canadian Arcott lambs (Bach et al., 2008) or included at 2%
DM in the TMR of British crossbred steers and heifers for 14 d (Anderson et al., 2006)
without affecting DMI, ADG or feed efficiency. Anderson et al. (2006) also observed no
effects of Tasco® supplementation on HCW, yet the marbling score of beef was increased by
11.4 to 20.8%, depending on the period of supplementation. Likewise, Braden et al. (2007)
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supplemented 2% Tasco® to finishing crossbred cattle from d 45 to 59 and 14 d prior to
slaughter and reported increases in marbling scores and fat content of the LM.
It is unknown why the effects of micro-algae supplementation were so varied in these
studies as all studies had similar levels of supplementation, with the exception of Cooper et
al. (2004) which fed a much higher level. There is the potential that the micro-algae
consumed in these studies exhibited varying levels of antioxidative, antibacterial or cytotoxic
effects, as although their presence was not reported in these studies, the accumulation of such
toxins is considered a natural predatory defence mechanism that varies throughout the growth
phase of the plant (Scholz and Liebezeit, 2012). The accumulation of such toxins and thus,
their impact on consumption and ruminal degradation could be influenced by the stage of
growth at which the algae was harvested (Scholz and Liebezeit, 2012).
Although algae are considered the primary producers of long chain n-3 FA not all
algal species produce lipids equally and the contrasting lipid levels and compositions may
account for the observed variations in production responses. Environmental stressors such as
nitrate deficiency (Yang et al., 2013), a highly saline environment (Yokochi et al., 1998),
changes in light intensity (Lu et al., 2001) or changes in carbon concentrations (Yokochi et
al., 1998) can increase lipid synthesis and accumulation in algae and thus, the availability of
lipids for ruminant production. Additionally, the commercial scale production of algal
species, such as Schizochytrium spp., has resulted in the genetic selection of strains for a high
lipid content, in addition to a high concentration of long chain n-3 PUFA. It is possible that
differences in the growth of algal products partially accounts for variations in production
results of algal supplemented ruminants.
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There have been no reports on the effects of micro-algae supplementation on wool
production. However, supplementation of fish meal at 3% DM was shown to have no effect
on clean wool production, staple length or fibre diameter of Suffolk lambs (Walz et al., 1998).
The authors hypothesised that as fish meal is a good source of high-quality slowly degraded
protein, and with wool production being heavily influenced by protein availability, that fish
meal would increase wool production. Although no discussion was provided for the lack of
an effect, it is possible that in lambs bred for growth, nutrients are preferentially partitioned
towards body, rather than wool growth. Similarly, wool growth is highly influenced by DMI
(Hynd and Masters, 2002; Rangel and Gardiner, 2009) and as the lack of effect on DMI may
explain the absence of an effect on wool growth.
2.4. Potential of Dietary Supplements to Manipulate Tissue FA Composition
2.4.1. Fatty Acid Biohydrogenation and Desaturation
Lipids in the tissues and milk of ruminants are often more highly saturated than that
of non-ruminants, as dietary lipids undergo extensive biohydrogenation in the rumen (Jenkins
et al., 2008; Sinclair, 2007). However, following recommendations that the consumption of
SFA be reduced and PUFA increased, as a means of reducing the risk of cardiovascular
disease (WHO, 2003), there has been a strong consumer demand for the PUFA content of
milk and meat to be increased. As such, producers have an interest in identifying feeds which
can desirably alter the FA composition of ruminant products.
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Many studies have aimed to reduce the SFA/PUFA ratio through the supplementation
of various oils and oilseeds high in linoleic acid (18:2n-6) and α-linolenic acid (18:3n-3).
However, these FA undergo extensive ruminal biohydrogenation of up to 70 to 95% for
18:2n-6 and 85 to 100% for 18:3n-3, via the pathways depicted in Fig. 2.1. (Carriquiry et al.,
2008; Doreau and Ferlay, 1994; Sinclair, 2007). Although ruminal bacteria play specific roles
in the metabolism of dietary FA, the extent of biohydrogenation and pathway by which these
FA are biohydrogenated is largely dependent on the basal diets. For example in high forage
diets, the isomerisation and hydrogenation of the cis-Δ-9 bond is carried out by bacteria
collectively known as Group A bacteria during the biohydrogenation of linoleic acid.
Figure 2.1. Major and ‘trans-10 shifted’ biohydrogenation pathways of α-linolenic acid and
linoleic acid. Solid arrows identify known biohydrogenation pathways (Harfoot and Hazelwood,
1988), broken arrows propose pathways describe by Griinari and Bauman (1999). Bold-type
depicts FA identified in ruminant samples. Red indicates processes and catalysts. Figure
adapted from Alves and Bessa (2014); Harfoot and Hazelwood (1988); Loor et al. (2004);
Destaillats et al. (2005) and Jenkins et al. (2008).
19
Ruminococcus albus and Butyrivibrio spp. are considered Group A bacteria as they are
unable to hydrogenate octadecenoic acids and thus, are incapable of completing
biohydrogenation. Consequently, the reduction of trans- and cis- 18:1 is performed by
Fusocillus babrahamensis and Fusocillus spp. classified as Group B bacteria (Kemp and
Lander, 1984). A balance between group A and B bacteria is essential for complete
biohydrogenation (Harfoot and Hazlewood, 1997). An inhibition of the final saturation of
vaccenic acid to stearic acid and thus, an accumulation of vaccenic acid is known to occur
when an excess amount of free linoleic acid is available (Noble et al., 1974; Noble et al.,
1969). The provision of highly unsaturated long chain FA present in fish oil and micro-algae
are significantly more effective in causing an accumulation of vaccenic acid compared to
other monoenoic acids (Shingfield et al., 2003). This is considered to result from the more
highly sensitive nature of Group B bacteria to the toxic effects of long chain PUFA
(Palmquist et al., 2005). Such an accumulation of vaccenic acid is considered desirable as
vaccenic acid can be desaturated by Δ9-desaturase in ruminant adipose tissues and milk to
form CLA c-9, t-11 (rumenic acid) (Dugan et al., 2011; Griinari et al., 2000; Lawson et al.,
2001) known to prevent cancer, decrease atherosclerosis and improve the immune response
(Belury, 2002; Pariza, 2004; Whigham et al., 2000). This endogenous synthesis of rumenic
acid is the primary source of rumenic acid in milk fat and adipose tissue, accounting for over
78% of rumenic acid in milk fat of cows fed a TMR of hay and concentrate (Corl et al., 2001),
and in excess of 91% in cows grazing fresh pasture (Kay et al., 2004). As such, successful
strategies for increasing rumenic acid content of ruminant products will involve enhancing
rumen output of vaccenic acid and increasing tissue activity of Δ9-desaturase (Palmquist et
al., 2005). The provision of dietary supplements that induce changes in microbial populations
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involved in BH (Palmquist et al., 2005) can be achieved by supplementing protected forms
of vaccenic and rumenic acids or by feeding substrates which alter the rumen environment
in a manner that promotes the production of these end products of biohydrogenation.
Increasing the proportion of dietary concentrates not only lowers ruminal pH, but also
decreases the reduction of trans monoenoic acids to stearic acid in the rumen (Kalscheur et
al., 1997). Such an increase in the concentrate portion of the diet, and an effect commonly
observed in high grain finishing diets, is a shift from the production of vaccenic acid in the
rumen towards that of 18:1 t-10 and its metabolites (Fig 2.1.). It is possible that the associated
changes in ruminal pH that occur with feeding high grain diets shift biohydrogenation from
the formation of the t-11 double bond in vaccenic acid by B. fibrisolvens to the formation of
the t-10 double bond by Megasphaera elsdenii (Palmquist et al., 2005) a response that must
be taken into consideration when formulating diets targeted at altering the FA composition
of meat and milk.
2.4.2. Long Chain n-3 Fatty Acids
Recommendations regarding the consumption of FA extend further to suggest the
consumption of n-3 PUFA and in particular, long chain n-3 PUFA EPA DHA (Fig. 2.2.) be
increased, while keeping levels of n-6 PUFA constant. Such n-3 PUFA have been linked with
a reduction in coronary heart disease (Department of Health, 1994; Scientific Advisory
Committee on Nutrition/Committee on Toxicity, 2004) and are essential for normal cerebral
development and function (Dijck-Brouwer et al., 2005; Givens and Gibbs, 2008; Horrocks
and Yeo, 1999). However, current global intakes of DHA and EPA per person are 100 – 500
21
mg/d, and are frequently below the recommended levels outlined in Table 2.4. (Flock et al.,
2013; Givens and Gibbs, 2008).
Supplementary sources of DHA and EPA are being examined to meet deficiencies,
as 18:3n-3 is a poor precursor with only 2-5% converted to DHA and 5-10% to EPA
(Arterburn et al., 2006). Additionally, consumption of fish as the primary source of
preformed n-3 FA, is unlikely to further increase due to cost, scarcity, undesirable attributes
such as odour and concerns regarding the presence of contaminants (methyl mercury, dioxins
and polychlorinated biphenyls) (Candela et al., 2011; Martins et al., 2013; Wachira et al.,
2002; Williams and Burdge, 2006). As such, this thesis aims to determine the effects of
including specific dietary supplements on the FA profile of lamb tissues as a supplementary
source of long chain n-3 PUFA and rumenic acid in human diets.
2.4.3. Bacterial Direct-fed Microbials
Although no reports of the use of bacterial DFM to modify the FA composition of
ruminant tissues have been conducted, a few in vitro studies have investigated their effects
on the production of CLA. Generally, in vitro supplementation with pure cultures of P.
freudenreichii have been reported to alter the biohydrogenation of 18:2n-6 generating
Figure 2.2. Chemical structure of long chain PUFA a) Docosahexaenoic acid
(DHA) and b) Eicosapentaenoic acid (EPA)
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increased amounts of CLA or vaccenic acid (18:1 t-11) as intermediates (Hennessy et al.,
2012; Lourenço et al., 2010). Specifically, P. freudenreichii ssp. Freudenreichii converted
1.6-8.41% and P. freudenreichii ssp. Shermanii converted up to 50.34% of α-linolenic acid
(0.45 mg/mL) to its conjugated isomer, conjugated linolenic acid, depending on the strain
(Hennessy et al., 2012). Similarly, Kishino et al. (2002) observed an increase in the
production of total CLA in pure cultures of P. shermanii AKU 1254 compare to the control,
such that rumenic acid comprised 81.8% of total CLA. Further in vitro work conducted in
our laboratory identified P. freudereichii strain T54 as a promising inoculant for the
beneficial modification of rumenic acid when included alone or in combination with oils high
in LA (flaxseed or canola oil) in cattle rumen fluid (Ding et al., unpublished data). Wang et
al. (2007) showed that the in vitro addition of sunflower oil (9.6 mg/mL sodium lactate
media) high in α-linoleic acid, to P. freudenreichii increased total CLA concentrations from
3.41 to 73.9 µg/mL, but higher levels of inclusion (>9.6 mg/mL to sodium lactate media)
severely reduced CLA production likely due to high concentrations of oil inhibiting this
bacterium. It has been hypothesized that ruminal bacteria convert PUFA in feeds to less toxic
SFA to avoid their inhibitory effects (Dugan et al., 2011; Henderson, 1973). Gram-positive
ruminal bacteria are more sensitive to PUFA than Gram-negative species, but even Gram-
negative bacteria can be inhibited by PUFA if concentrations are high enough (Henderson,
1973). These results show promising effects of the ability to use DFM to increase the
production of FA beneficial to human health. However, it is unknown if a similar favourable
response in FA profile is achieved if these probiotics are added to whole rumen contents.
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2.4.4. Crude Glycerin / Glycerol
Studies examining the use of crude glycerin in ruminant diets to alter tissue and milk
FA profiles are scarce. Only recently, the inclusion of glycerin was shown to inhibit in vitro
lipolysis (Edwards et al., 2012), thus, limiting initial hydrolysis of unsaturated FA from
triglycerides, a step necessary for biohydrogenation to occur. This inhibition would
subsequently promote the flow of unaltered dietary lipids through the rumen to the lower
intestinal tract and therefore, has the potential to increase the availability of PUFA for
incorporation into ruminant tissues and milk.
A study by Avila-Stagno et al. (2013a) fed glycerol at up to 21% DM in a high
concentrate diet to finishing lambs and observed a corresponding increase in 18:3n-3 in
subcutaneous adipose tissue with increasing glycerol supplementation and a subsequent
reduction in the n-6/n-3 ratio. As the dietary concentration of 18:3n-3 was also increased with
increasing amounts of glycerol it could be suggested that 18:3n-3 underwent limited
biohydrogenation, perhaps providing support for the results of Edwards et al. (2012). Avila-
Stagno et al. (2013a) also reported a beneficial shift in the FA composition of subcutaneous
adipose tissue, whereby, concentrations of 18:0 increased with a linear reduction in 18:1 t-
10, a trans FA associated with increased risk of coronary disease in humans (Hodgson et al.,
1996). However, it is noted that although the supplementation of glycerol reduced the shift
towards 18:1 t-10 production, concentrations of 18:1 t-10 were still 5 to 6 times greater than
vaccenic acid, as is commonly seen in high starch concentrate diets (Fig 2.1.).
In contrast, Terré et al. (2011) fed crude glycerin (0, 5 or 10% DM) to Ripollesa lambs
for four weeks after weaning and reported no differences in the FA profiles of the longissimus
dorsi muscle. It is possible that such a short period of supplementation was insufficient to
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significantly change the FA profile in muscle. However, it is clear that the inclusion of crude
glycerin in lamb diets may shift biohydrogenation in a manner that improves the FA profile
of meat.
2.4.5. Micro-algae
As micro-algae are the primary source of long chain n-3 FA DHA and EPA in the
food chain, their inclusion in ruminant diets has received increasing attention with promising
results. Biosynthesis of long chain PUFA from linoleic acid and α-linolenic acid in micro-
algae differs from that in other animals, commonly occurring through the elongase-
desaturase pathway depicted in Fig. 2.3. (Khozin-Goldberg et al., 2000; Martins et al., 2013).
Specifically, DHA is produced through the elongation of EPA into DPA and the subsequent
desaturation by Δ4 desaturase (Martins et al., 2013). Previous reports suggest limited
biohydrogenation of these FA occurs in comparison to other C18 FA, resulting in an
increased production of biohydrogenation intermediates (Ashes et al., 1992; Chilliard et al.,
2000). Recently, Aldai et al. (2012) reported that in vitro incubation of DHA showed
extensive metabolisation when included at low concentrations (100 to 300 g/6 mL
incubation volume) but not at high levels of inclusion (800 g). This has been suggested to
result from the minimal ability of Butyrivibrio, a dominant bacterial species involved in FA
biohydrogenation, to metabolise DHA and EPA (Maia et al., 2007). In addition, the presence
of double bonds may lengthen the time required for complete biohydrogenation to occur in
the rumen, thus increasing their incorporation into ruminant tissues (Maia et al., 2007).
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In contrast, studies by Chilliard et al. (2001) and Toral et al. (2010) suggest that
supplementation of ruminant diets with fish or algae sources have not been very successful
at increasing the DHA and EPA levels in ruminant products because of a low (<4%) transfer
efficiency of EPA and DHA. Similarly, there have been reports suggesting DHA and EPA
undergo 80 to 95% biohydrogenation in the rumen (AbuGhazaleh and Jenkins, 2004), with
isomerization and reduction by ruminal bacteria producing numerous trans-containing
unsaturated metabolites (Shingfield et al., 2011; Toral et al., 2010; Kairenius et al., 2011;
Aldai et al., 2012).
It appears that the ability of DHA and EPA to withstand ruminal biohydrogenation is
evident in some studies (Abril et al., 2000; Ashes et al., 1992; Boeckaert et al., 2007b) (Table
2.5.) suggesting that their supplementation has the potential to result in enrichment of these
FA in ruminant tissues. For example, Elmore et al. (2005) fed Suffolk-cross wether lambs
flax oil, fish oil, protected lipid (high in 18:2n-6 and 18:3n-3), fish oil/marine algae or
protected lipid/marine algae (60 g oil/kg DM) and observed the greatest increase in EPA,
DHA and total n-3 in treatments containing algae. Similarly, Papadopoulos et al. (2002) fed
an algae supplement (94 g; Schizochytrium spp.) high in DHA to ewes at up to 94 g/d and
reported an enrichment of milk with PUFA, in addition to a 0.4 to 2.1% increase in EPA and
a 4.3 to 12.4% increase in DHA. In both of these studies no increase in metabolites of DHA
(18:1 trans) were reported in comparison to the controls.
Subsequent studies have shown the supplementation of marine micro-algae inhibited
ruminal biohydrogenation of linolenic and linoleic acids both in vitro (Chow et al., 2004) and
in vivo (Klein and Jenkins, 2011). Such an inhibition led to the accumulation of 18:1 t-10 and
18:1 t-11 intermediates in rumen fluid, as well as in meat and milk (AbuGhazaleh and
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Figure 2.3. Biosynthetic pathways of long chain polyunsaturated fatty
acid in marine micro-algae. Catalysts for each step (desaturases and
elongases) are highlighted in red. Adapted from Martins et al. (2013)
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Jenkins, 2004). As stated previously, these intermediates are of importance for their
potential to be used as substrates for conversion to CLA in ruminant tissues (Boeckaert et al.,
2007b). A similar shift in FA composition was observed in cattle rumen fluid by Boeckaert
et al. (2007a) supplemented with DHA-Gold® (2% DMI) where an accumulation of 18:1 t-
10 and 18:1 t-11 and 18:2 t-11, c-15 and a marked reduction in 18:0 was reported. Boeckaert
et al. (2007a) also reported a beneficial shift from production of SFA to the production of
PUFA in rumen fluid with supplementation of micro-algae. However, it is important to note
that basal diet will undoubtedly play a role in the biohydrogenation of FA and the
intermediates that are produced. Additionally, it is evident that supplements with higher DHA
levels will likely be more successful at eliciting a beneficial increase in DHA concentrations
of ruminant products; however, care needs to be taken to ensure that an accumulation of
unwanted trans-unsaturated metabolites does not ensue.
2.5. Molecular Mechanisms Regulating the Composition of Adipose Tissue
Increasing the intramuscular fat content of ruminant meat has long been the focus of
ruminant production systems, as this corresponds to the enhanced juicy flavour preferred by
consumers. Altering the amount and composition of deposited lipids influences both meat
quality and its nutritional value. However, manipulating the composition of ruminant adipose
tissues is not easy, as it is affected both by processes within the rumen and by mechanisms
within the animal itself. Recently, focus has shifted towards a greater understanding of
adipogenesis, which involves the differentiation of preadipocytes or mesenchymal stem cells
into mature adipocytes, with the ability to assimilate lipids (Large et al., 2004; Romao et al.,
2011). In mammals, adipogenesis is a complex process regulated by multiple genetic and
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hormonal mechanisms. Current understanding of the molecular mechanisms which regulate
ruminant adipogenesis is sparse, with studies focusing on bovine mechanisms (Jin et al.,
2010; Romao et al., 2012). A further understanding of these regulatory mechanisms in other
ruminant species may facilitate the beneficial manipulation of adipose tissue levels and
composition as an avenue to improving meat quality.
2.5.1. Regulation of Transcription
Transcription, a process in which the DNA of a specific gene is transcribed into RNA,
is regulated by transcription factors. The selective binding of a transcription factor to specific
DNA sequences within gene regulatory regions can lead to either an activation or repression
of transcription (Latchman, 2001). The major transcription factors regulating adipogenesis
are the Peroxisome Proliferator Activated Receptor (PPAR) and CCAAT-Enhancer Binding
Protein (C/EBP) families (Lefterova and Lazar, 2009; White and Stephens, 2010).
Supplementation of fish oil, high in EPA and DHA has been shown to activate PPARα in
abdominal adipose tissue depots of mice (Nakatani et al., 2003). Similarly, Flachs et al.
(2009) replaced 9% of dietary lipids with DHA and reported a reduction in fat accumulation
in adult mice. These authors’ attributed this to regulation of transcription factors from the
PPAR and C/EPB families. Despite not being identified in cattle adipocytes (Taniguchi et
al., 2008) C/EBPα has been shown to regulate adipocyte differentiation in mice (Wang et al.,
1995) and porcine (Hausman, 2000).
2.5.2. Post-Transcriptional Regulation of Adipogenesis
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MicroRNA (miRNA) are small (19-24 nt) single-stranded RNAs that regulate post-
transcriptional gene expression through the recognition of complimentary sequences between
miRNAs and their target genes (Krutzfeldt and Stoffel, 2006; Lee et al., 2006). Although
only partial complementarity with 2-8 bases from the 5’ end, known as the miRNA seed is
required, a high level of complementarity is considered to degrade the target gene resulting
in its down-regulation (Wahid et al., 2010). These regulatory roles appear to be
spatiotemporal, suggesting that miRNAs are specific to each tissue (Horrocks and Yeo,
1999). Knowledge of the specific mechanisms regulating adipogenesis in ruminant tissues
could facilitate the manipulation of production such that, meat quality is enhanced.
2.5.3. Factors that Influence miRNA Expression in Adipose Tissue
Diet
Changes in diet are known to alter the expression of protein coding genes (López et
al., 2004) in adipose tissue, however, very few studies have been conducted in ruminants that
examine the effects of diet on miRNA expression, all of which have been conducted in cattle
(Jin et al., 2010; Jin et al., 2009; Romao et al., 2012). Romao et al. (2012) reported an up-
regulation in the expression of several miRNA (miR -19a, -92a, -92b, -101, -103, -106, -142-
5p, and -296) in adipose tissue of steers fed a high-fat diet. The supplementation of high-fat
diets in mice has also been shown to up-regulate expression of miR-143 in mesenteric
adipose tissue which was highly correlated to the expression of PPARγ, FABP4 and plasma
levels of leptin (McGregor and Choi, 2011). A recent study by Parra et al. (2010) showed
that manipulating dietary FA composition, through an increase in the concentration of CLA,
down-regulated the expression of miR-143 and -107, yet up-regulated miR-222 expression
in retroperitoneal adipose tissue of mice. These studies suggest that manipulation of dietary
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lipids influences the expression of miRNA associated with adipogenesis. The results are in
agreement with previous reports (Jin et al., 2010) which examined a wide range of miRNAs
associated with adipogenesis in cattle, indicating that diet has a significant influence on the
molecular regulation of adipogenesis, regardless of how closely related the species are.
Adipose Depot
Recently studies have suggested that whilst many miRNA are conserved across
different tissues, the regulatory mechanisms vary depending on tissue location due to the
distinct morphology and physiology of each depot (Rantalainen et al., 2011). Of the three
adipose depots in ruminants, visceral, subcutaneous and intramuscular, the latter is the focus
of most research as increases in intramuscular fat increase the degree of marbling, an
important indicator of meat quality (Dodson et al., 2010). Both subcutaneous and
intramuscular adipose tissue have distinct transcriptomic profiles (Bong et al., 2010) with
variation in miRNA expression even observed within different areas of the same tissue
(subcutaneous adipose tissue; Jin et al., 2009). Romao et al. (2012) found 207 miRNA
expressed in both subcutaneous and visceral adipose tissue of cattle fed a control and high-
fat diet, with the expression of miR-196a and -2454 being highly influenced by tissue depot.
Evidently, strategies which aim to alter the deposition or composition of adipose tissue in
ruminants need to be depot specific, requiring a better knowledge of the regulatory
mechanisms influencing each adipose depot in the animal of interest.
31
2.6. Literature Cited
Abril, J. R., W. R. Barclay, and P. G. Abril. 2000. Safe use of microalgae (DHA GOLD) in laying
hen feed for the production of DHA-enriched eggs. In: J. S. Sim, S. Nakai and W. Guenter
(eds.) Egg nutrition and biotechnology. p 197 - 202. CABI Publishing, New York, NY.
AbuGhazaleh, A. A., and T. C. Jenkins. 2004. Disappearance of Docosahexaenoic and
Eicosapentaenoic Acids from Cultures of Mixed Ruminal Microorganisms. J. Dairy Sci.
87:645-651.
Aitchison, E., I. Ralph, and J. Rowe. 1989. Evaluation of feed additives for increasing wool
production from Merino sheep. 1. Lasalocid, avoparcin and flavomycin included in lucerne-
based pellets or oaten chaff fed at maintenance. Aust. J. Exp. Agr. 29:321-325.
Alazzeh, A. Y., H. Sultana, K. A. Beauchemin, Y. Wang, H. Holo, O. M. Harstad, and T. A.
McAllister. 2012. Using strains of Propionibacteria to mitigate methane emissions in vitro.
Acta Agr. Scand. A – An. 62:263-272.
Aldai, N., M. de Renobales, L. J. R. Barron, and J. K. G. Kramer. 2013. What are the trans fatty acids
in food after discontinuation of industrially produced trans fats? Ruminant products,
vegatable oils, and synthetic supplements. Eur. J. Lipid Sci. Technol. 115:1378-1401.
Aldai, N., G. Hervás, A. Belenguer, P. Frutos, A. R. Mantecón, and J. K. Kramer. 2012. Evaluating
the in vitro metabolism of docosahexaenoic acid in sheep rumen fluid. Lipids 47:821-825.
Aleman, M. M., D. R. Stein, D. T. Allen, E. Perry, K. V. Lehloenya, T. G. Rehberger, K. J. Mertz,
D. A. Jones, and L. J. Spicer. 2007. Effects of feeding two levels of propionibacteria to dairy
cows on plasma hormones and metabolites. J. Dairy Res. 74:146 -153.
Anderson, M. J., J. R. Blanton Jr., J. Gleghorn, S. W. Kim, and J. W. Johnson. 2006. Ascophyllum
Nodosum Supplementation Strategies That Improve Overall Carcass Merit of Implanted
English Crossbred Cattle. Asian Austral. J. Anim.19:1514-1518.
Arterburn, L. M., E. B. Hall, and H. Oken. 2006. Distribution, interconversion, and dose response of
n−3 fatty acids in humans. Am. J. Clinic. Nutr. 83:S1467-1476S.
Ashes, J. R., B. D. Siebert, S. K. Gulati, A. Z. Cuthbertson, and T. W. Scott. 1992. Incorporation of
n−3 fatty acids of fish oil into tissue and serum lipids of ruminants. Lipids 27:629-631.
Avila-Stagno, J., A. V. Chaves, M. L. He, O. M. Harstad, K. A. Beauchemin, S. M. McGinn, and T.
A. McAllister. 2013a. Effects of increasing concentrations of glycerol in concentrate diets on
nutrient digestibility, methane emissions, growth, fatty acid profiles and carcass traits of
lambs. J. Anim. Sci. 91:829-837.
32
Avila-Stagno, J., A. V. Chaves, G. O. Ribeiro Jr, E. M. Ungerfeld, and T. A. McAllister. 2013b.
Inclusion of glycerol in forage diets increases methane production in a rumen simulation
technique system. Brit. J. Nutr. 7:1-7.
Avila, J. S., A. V. Chaves, M. Hernandez-Calva, K. A. Beauchemin, S. M. McGinn, Y. Wang, O. M.
Harstad, and T. A. McAllister. 2011. Effects of replacing barley grain in feedlot diets with
increasing levels of glycerol on in vitro fermentation and methane production. Anim. Feed
Sci. Technol. 166-167:265-268.
Bach, S. J., Y. Wang, and T. A. McAllister. 2008. Effect of feeding sun-dried seaweed (Ascophyllum
nodosum) on fecal shedding of Escherichia coli O157:H7 by feedlot cattle and on growth
performance of lambs. Anim. Feed Sci. Technol. 142:17-32.
Beauchemin, K. A., C. R. Krehbiel, and C. J. Newbold. 2006. Enzymes, bacterial direct-fed
microbials and yeast: principles for use in ruminant nutrition. In: R. Mosenthin, J. Zentek and
T. Zebrowska (eds.) Biology of Nutrition in Growing Animals. p 251-284. Elsevier,
Edinburgh, New York.
Beauchemin, K. A., M. Kreuzer, F. O'Mara, and T. A. McAllister. 2008. Nutritional management for
enteric methane abatement: a review. Aust. J. Exp. Agr. 48:21-27.
Beauchemin, K. A., T. A. McAllister, and S. M. McGinn. 2009a. Dietary mitigation of enteric
methane from cattle. CAB Reviews: Perspect. Agr. Vet. Sci. Nutr. Nat. Res. 4:1-18.
Beauchemin, K. A., and S. M. McGinn. 2006. Methane emissions from beef cattle:Effects of fumaric
acid, essential oil, and canola oil. J. Anim. Sci. 84:1489-1496.
Beauchemin, K. A., S. M. McGinn, C. Benchaar, and L. Holtshausen. 2009b. Crushed sunflower,
flax, or canola seeds in lactating dairy cow diets: Effects on methane production, rumen
fermentation, and milk production. J. Dairy Sci. 92:2118-2127.
Beauchemin, K. A., S. M. McGinn, and H. Petit. 2007. Methane abatement strategies for cattle:lipid
supplementation of diets. Can. J. Anim. Sci. 87:431- 440.
Beauchemin, K. A., W. Z. Yang, D. P. Morgavi, G. R. Ghorbani, W. Kautz, and J. A. Z. Leedle. 2003.
Effects of bacterial direct-fed microbials and yeast on site and extent of digestion, blood
chemistry, and subclinical ruminal acidosis in feedlot cattle. J. Anim. Sci. 81:1628-1640.
Belury, M. A. 2002. Dietary conjugated linoleic acid in health: Physiological effects and mechanisms
of action. Annu. Rev. Nutr. 22:505-531.
Boeckaert, C., V. Fievez, D. Van Hecke, W. Verstraete, and N. Boon. 2007a. Changes in rumen
biohydrogenation intermediates and ciliate protozoa diversity after algae supplementation to
dairy cattle. Eu. J. Lipid Sci. Tech. 109:767-777.
33
Boeckaert, C., B. Vlaeminck, J. Dijkstra, A. Issa-Zacharia, T. Van Nespen, W. Van Straalen, and V.
Fievez. 2008. Effect of Dietary Starch or Micro Algae Supplementation on Rumen
Fermentation and Milk Fatty Acid Composition of Dairy Cows. J. Dairy Sci. 91:4714-4727.
Boeckaert, C., B. Vlaeminck, J. Mestdagh, and V. Fievez. 2007b. In vitro examination of DHA-edible
micro algae: 1. Effect on rumen lipolysis and biohydrogenation of linoleic and linolenic acids.
Anim. Feed Sci. Technol. 136:63-79.
Bong, J. J., K. K. Cho, and M. BaiK. 2010. Comparison of gene expression profiling between bovine
subcutaneous and intramuscular adipose tissues by serial analysis of gene expression. Cell
Biol. Int. 34:125-133.
Boyd, J., J. W. West, and J. K. Bernard. 2011. Effects of the addition of direct-fed microbials and
glycerol to the diet of lactating dairy cows on milk yield and apparent efficiency of yield. J.
Dairy Sci. 94:4616-4622.
Braden, K. W., J. R. Blanton, J. L. Montgomery, E. van Santen, V. G. Allen, and M. F. Miller. 2007.
Tasco supplementation: Effects on carcass characteristics, sensory attributes, and retail
display shelf-life. J. Anim. Sci. 85:754-768.
Brede, D. A., T. Faye, O. Johnsborg, I. Odegard, I. F. Nes, and H. Holo. 2004. Molecular and genetic
characterization of propionicin F, a bacteriocin from Propionibacterium freudenreicii. Appl.
Environ. Microb. 70:7303-7310.
Bruinenberg, M. H., Y. van der Honing, R. E. Agnew, T. Yan, A. M. van Vuuren, and H. Valk. 2002.
Energy metabolism of dairy cows fed on grass. Livest. Prod. Sci. 75:117-128.
Candela, C. G., L. M. B. Lopez, and V. L. Kohen. 2011. Importance of a balanced omega 6/omega 3
ratio for the maintenance of health. Nutritional recommendations. Nutr. Hosp. 26:323-329.
Carriquiry, M., W. J. Weber, L. H. Baumgard, and B. A. Crooker. 2008. In vitro biohydrogenation of
four dietary fats. Anim. Feed Sci. Technol. 141:339-355.
Chilliard, Y., and F. M. Doreau. 2001. Effect of different types of forages, animal fat or marine oils
in cow’s diet on milk fat secretion and composition, especially conjugated linoleic acid
(CLA) and polyunsaturated fatty acids. Livest. Prod. Sci. 70:31-48.
Chilliard, Y., A. Ferlay, R. M. Mansbridge, and M. Doreau. 2000. Ruminant milk fat plasticity:
nutritional control of saturated, polyunsaturated, trans and conjugated fatty acids. Ann.
Zootech. 49:181-205.
Chow, T. T., V. Fievez, A. P. Moloney, K. Raes, D. Demeyer, and S. D. Smet. 2004. Effect of fish
oil on in vitro rumen lipolysis, apparent biohydrogenation of linoleic and linolenic acid and
accumulation of biohydrogenation intermediates. Anim. Feed Sci. Technol. 117:1-12.
34
Colquhoun, D., A. Ferreira-Jardim, T. Udell, B. Eden, and Nutrition and Metabolism Committee of
the Heart Foundation. 2008. Review of evidence: Fish, fish oils, n-3 polyunsaturated fatty
acids and cardiovascular health. National Heart Foundation of Australia.
Cooper, S. L., L. A. Sinclair, R. G. Wilkinson, K. G. Hallett, M. Enser, and J. D. Wood. 2004.
Manipulation of the n-3 polyunsaturated fatty acid content of muscle and adipose tissue in
lambs. J. Anim. Sci. 82:1461-1470.
Corl, B. A., L. H. Baumgard, D. A. Dwyer, J. M. Griinari, B. S. Phillips, and D. E. Bauman. 2001.
The role of Δ-9-desaturase in the production of cis-9, trans-11 CLA. J. Nutr. Biochem.
12:622-630.
DeFrain, J. M., A. R. Hippen, K. F. Kalscheur, and P. W. Jardon. 2004. Feeding glycerol to transition
dairy cows: Effects on blood metabolites and lactation performance. J. Dairy Sci. 87:4195-
4206.
Department of Health. 1994. Nutritional aspects of cardiovascular disease, HMSO, London, UK.
Dhiman, T. R., L. D. Satter, M. W. Pariza, M. P. Galli, K. Albright, and M. X. Tolosa. 2000.
Conjugated linoleic acid content of milk from cows offered diets rich in linoleic and linolenic
acid. J. Dairy Sci. 83:1016-1027.
Dijck-Brouwer, D. A. J., M. Hadders-Algra, H. Bouwstra, T. Desci, G. Boehm, I. A. Martini, E. R.
Boersma, and F. A. J. Muskiet. 2005. Lower fetal status of docosahexaenoic acid, arichidonic
acid and essential fatty acids is associated with less favorable neonatal neurological
condition. Prostagland. Leukotr. Ess. 72:21-28.
Dodson, M. V., Z. Jiang, J. Chen, G. J. Hausman, L. L. Guan, J. Novakofski, D. P. Thompson, C. L.
Lorenzen, M. E. Fernyhough, P. S. Mir, and J. M. Reecy. 2010. Allied industry approaches
to alter intramuscular fat content and composition in beef animals. J. Food Sci. 75:R1-R8.
Donkin, S. S., S. L. Koser, H. M. White, P. H. Doane, and M. J. Cecava. 2009. Feeding value of
glycerol as a replacement for corn grain in rations fed to lactating dairy cows. J. Dairy Sci.
92:5111-5119.
Doreau, M., and A. Ferlay. 1994. Digestion and utilisation of fatty acids by ruminants. Anim. Feed
Sci. Technol. 45:379-396.
Dugan, M. E. R., N. Aldai, J. L. Aalhus, D. C. Rolland, and J. K. G. Kramer. 2011. Review: Trans-
forming beef to provide healthier fatty acid profiles. Can. J. Anim. Sci. 91:545-556.
Edwards, H. D., R. C. Anderson, R. K. Miller, T. M. Taylor, T. M. Hardin, S. B. Smith, N. A. Krueger,
and N. D.J. 2012. Glycerol inhibition of ruminal lipolysis in vitro. J. Dairy Sci. 95:5176-
5181.
35
Elam, N. J., K. S. Eng, B. Bechtel, J. M. Harris, and R. Crocker. 2008. Glycerol from biodiesel
production:considerations for feedlot diets. In: Proc. 23rd Southwest Nutrition and
Management Conference.
Elmore, J. S., S. L. Cooper, M. Enser, S. M. A. Donald, L. A. Sinclair, R. G. Wilkinson, and J. D.
Wood. 2005. Dietary manipulation of fatty acid composition in lamb meat and its effect on
the volatile aroma compounds of grilled lamb. Meat Sci. 69:233-242.
Eugene, M., D. Masse, J. Chiquette, and C. Benchaar. 2008. Meta-analysis on the effects of lipid
supplementation on methane production in lactating dairy cows. Can. J. Anim. Sci. 88:331-
334.
European Food Safety Authority Panel on Dietetic Products Nutrition and Allergies. 2010. Scientific
Opinion of the Panel on Dietary Reference Values for fats, including saturated fatty acids,
polyunsaturated fatty acids, monounsaturated fatty acids, trans fatty acids, and cholesterol.
Eu. Food Safety Authority J. 82:1461.
FAO. 2006. World Agriculture: towards 2030/2050. Interim Report, Rome, Italy.
FAO. 2009. The state of Food and Agriculture. Livestock in the Balance, Rome, Italy.
Fievez, V., C. Boeckaert, B. Vlaeminck, J. Mestdagh, and D. Demeyer. 2007. In vitro examination
of DHA-edible micro-algae: 2. Effect on rumen methane production and apparent
degradability of hay. Anim. Feed Sci. Technol. 136:80-95.
Fisher, L. J., J. D. Erfle, G. A. Lodge, and F. D. Sauer. 1973. Effects of propylene glycol or glycerol
supplementation of the diet of dairy cows on feed intake, milk yield and composition, and
incidence of ketosis. Can. J. Anim. Sci. 53:289-296.
Fisher, L. J., J. D. Erfle, and F. D. Sauer. 1971. Preliminary evaluation of the addition of glucogenic
materials to the rations of lactating cows. Can. J. Anim. Sci. 51:721-727.
Flachs, P., M. Rossmeisl, M. Bryhn, and J. Kopecky. 2009. Cellular and molecular effects of n−3
polyunsaturated fatty acids on adipose tissue biology and metabolism. Clinic. Sci. 116:1-16.
Flock, M. R., W. S. Harris, and P. M. Kris-Etherton. 2013. Long-chain omega-3 fatty acids: time to
establish a dietary reference intake. Nutr. Rev. 71:692-707.
Food and Agriculture Organization, and World Health Organization. 2009. Fats and fatty acids in
human nutrition. Proceedings of the Joint FAO/WHO Expert Consultation. Ann. Nutr. Meta.
55:5-300.
Franklin, S. T., K. R. Martin, R. J. Baer, D. J. Schingoethe, and A. R. Hippen. 1999. Dietary Marine
Algae (Schizochytrium sp.) Increases Concentrations of Conjugated Linoleic,
Docosahexaenoic and Trans vaccenic Acids in Milk of Dairy Cows. J. Nutr. 129:2048-2052.
36
Fuller, R. 1999. Probiotics for farm animals. In: G. W. Tannocka (ed.) Probiotics - A Critical Review.
p 15. Horizon Scientific Press, Wymondham.
Ghorbani, G. R., D. P. Morgavi, K. A. Beauchemin, and J. A. Z. Leedle. 2002. Effects of bacterial
direct-fed microbials on ruminal fermentation, blood variables, and the microbial populations
of feedlot cattle. J. Anim. Sci. 80:1977-1985.
Giger-Reverdin, S., P. Morand-Fehr, and G. Tran. 2003. Literature survey of the influence of dietary
fat composition on methane production in dairy cattle. Livest. Prod. Sci. 82:73-79.
Givens, D. I., B. R. Cottril, M. Davies, P. A. Lee, R. J. Mansbridge, and A. R. Moss. 2000. Sources
of n-3 polyunsaturated fatty acids additional to fish oil for livestock diets - A review. Nutr.
Abstr. Rev. Series B: Livest. Feeds and Feeding 70:1-19.
Givens, I. D., and R. A. Gibbs. 2008. Current intakes of EPA and DHA in European populations and
the potential of animal-derived foods to increase them. Proc. Nutr. Soc. 67:273-280.
Grainger, C., and K. A. Beauchemin. 2011. Can enteric methane emissions from ruminants be
lowered without lowering their production? Anim. Feed Sci. Technol. 166-167:308-320.
Grainger, C., T. Clarke, K. A. Beauchemin, S. M. McGinn, and R. J. Eckard. 2008. Supplementation
with whole cottonseed reduces methane emissions and can profitably increase milk
production of dairy cows offered a forage and cereal grain diet. Aust. J. Exp. Agr. 48:73-76.
Grainger, C., R. Williams, T. Clarke, A. D. Wright, and R. J. Eckard. 2010. Supplementation with
whole cottonseed causes long-term reduction of methane emissions from lactating dairy cows
offered a forage and cereal grain diet. J. Dairy Sci. 93:2612-2619.
Griinari, J. M., B. A. Corl, S. H. Lacy, P. Y. Chouinard, K. V. Nurmela, and D. E. Bauman. 2000.
Conjugated linoleic acid is synthesized endogenously in lactating dairy cows by delta(9)-
desaturase. J. Nutr. 130:2285-2291.
Gunn, P. J., M. K. Neary, R. P. Lemenager, and S. L. Lake. 2010a. Effects of crude glycerin on
performance and carcass characteristics of finishing wether lambs. J. Anim. Sci. 88:1771-
1776.
Gunn, P. J., A. F. Schultz, M. L. v. Emon, M. K. Neary, R. P. Lemenager, C. P. Rusk, and S. L. Lake.
2010b. Effects of elevated crude glycerin concentrations on feedlot performance, carcass
characteristics, and serum metabolite and hormone concentrations in finishing ewe and
wether lambs. Prof. Anim. Sci. 26:298-306.
Gwiazdowska, D., and K. Trojanowska. 2006. Antimicrobial activity and stability of partially purified
bacteriocins produced by Propionibacterium freudenreichii ssp. freudenreichii and ssp.
shermanii. Le Lait 86:141-154.
37
Hales, K. E., R. G. Bondurant, M. K. Luebbe, N. A. Cole, and J. C. MacDonald. 2013. Effects of
crude glycerin in steam-flaked corn-based diets fed to growing feedlot cattle. J. Anim. Sci.
91:3875-3880.
Harfoot, C. G., and G. P. Hazlewood. 1997. Lipid metabolism in the rumen. 2nd ed. In: P. N. Hobson
and C. S. Stewart (eds.) The Rumen Microbial Ecosystem. p 382-426. Blackie Academic &
Professional, London, UK.
Hausman, G. J. 2000. The influence of dexamethasone and insulin on expression of CCAAT/enhancer
binding protein isoforms during preadipocyte differentiation in porcine stromal-vascular cell
cultures: evidence for very early expression of C/EBPa. J. Anim. Sci. 78:1227-1235.
Henderson, C. 1973. The effects of fatty acids on pure cultures of rumen bacteria. J. Agr. Sci. 81:107-
112.
Hennessy, A. A., E. Barrett, R. P. Ross, G. F. Fitzgerald, R. Devery, and C. Stanton. 2012. The
Production of Conjugated α-Linolenic, γ-Linolenic and Stearidonic Acids by Strains of
Bifidobacteria and Propionibacteria. Lipids 47:313-327.
Hess, B. W., S. L. Lake, and S. A. Gunter. 2008. Using glycerin as a supplement for forage fed
ruminants. J. Anim. Sci. 86(E. Suppl. 2):392.
Hodgson, J. M., M. L. Wahlqvist, J. A. Boxall, and N. D. Balazs. 1996. Platelet trans fatty acids in
ion to angiographically assessed coronary artery disease. Atherosclerosis 120:147-154.
Hollmann, M., W. J. Powers, A. C. Fogiel, J. S. Liesman, N. M. Bello, and D. K. Beede. 2012. Enteric
methane emissions and lactational performance of Holstein cows fed different concentrations
of coconut oil. J. Dairy Sci. 95:2602-2615.
Holo, H., T. Faye, D. A. Brede, T. Nilsen, I. Ødegard, T. Langsrud, J. Brendehaug, and I. F. Nes.
2002. Bacteriocins of propionic acid bacteria. Le Lait 82:59-68.
Horrocks, L. A., and Y. K. Yeo. 1999. Health Benefits of Docosahexaeonic Acid (DHA). Pharmacol.
Res. 40:211-225.
Huntington, G. B. 1990. Energy metabolism in the digestive tract and liver of cattle: influence of
physiological state and nutrition. Reprod. Nutr. Dev. 30:35-47.
Hynd, P. I., and D. G. Masters. 2002. Nutrition and Wool Growth. In: M. Freer and H. Dove (eds.)
Sheep Nutrition. p Ch. 8, p.165-187. CAB International, Wallingford, UK.
IPCC. 2007. Agriculture. In Climate Change 2007: Mitigation. In:B. Metz, O. R. Davidson, P. R.
Bosch, R. Dave and L. A. Meyer (eds.) Contribution of Working Group III to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA.
38
Ivan, M., P. S. Mir, Z. Mir, T. Entz, M. L. He, and T. A. McAllister. 2004. Effects of dietary sunflower
seeds on rumen protozoa and growth of lambs. Brit. J. Nutr. 92:303-310.
Jenkins, T. C., R. J. Wallace, P. J. Moate, and E. E. Mosley. 2008. BOARD-INVITED REVIEW:
Recent advances in biohydrogenation of unsaturated fatty acids within the rumen microbial
ecosystem. J. Anim. Sci. 86:397-412.
Jin, W., M. Dodson, S. Moore, J. Basarab, and L. L. Guan. 2010. Characterization of microRNA
expression in bovine adipose tissues: a potential regulatory mechanism of subcutaneous
adipose tissue development. BMC Mol. Biol. 11:29-37.
Jin, W., J. Grant, P. Stothard, S. Moore, and L. Guan. 2009. Characterization of bovine miRNAs by
sequencing and bioinformatics analysis. BMC Mol. Biol. 10:90-101.
Johns, A. T. 1953. Fermentation of glycerol in the rumen of sheep. N.Z. J. Sci. Tech. A 35:262-269.
Johnson, K. A., and D. E. Johnson. 1995. Methane emissions from cattle. J. Anim. Sci. 73:2483-2492.
Johnson, R. B. 1954. The treatment of ketosis with glycerol and propylene glycol. Cornell Vet. 44:6-
21.
Jordan, E., D. K. Lovett, M. Hawkins, J. J. Callan, and F. P. O’Mara. 2006. The effect of varying
levels of coconut oil on intake, digestibility and methane output from continental cross beef
heifers. J. Anim. Sci. 82:859-865.
Kairenius, P., V. Toivonen, and K. J. Shingfield. 2011. Identification and ruminal outflow of long‐
chain fatty acid biohydrogenation intermediates in cows fed diets containing fish oil. Lipids
46:587-606.
Kalscheur, K. F., B. B. Teter, L. S. Piperova, and R. A. Erdman. 1997. Effect of dietary forage
concentration and buffer addition on duodenal flow of trans-C18:1 fatty acids and milk fat
production in dairy cows. J. Dairy Sci. 80:2104-2114.
Kay, J. K., T. R. Mackle, M. J. Auldist, N. A. Thomson, and D. E. Bauman. 2004. Endogenous
synthesis of cis-9, trans-11 conjugated linoleic acid in dairy cows fed fresh pasture. J. Dairy
Sci. 87:369-378.
Kemp, P., and D. J. Lander. 1984. Hydrogenation in vitro of α-Linolenic Acid to Stearic Acid by
Mixed Cultures of Pure Strains of Rumen Bacteria. J. Gen. Microbiol. 130:527-533.
Kempton, T. J., M. K. Hill, and R. A. Leng. 1978. The effects of varying bypass amino acid and
glucose availability on lamb growth and wool growth. Proc. Aust. Soc. Anim. Prod. 12:143.
Khozin-Goldberg, I., H. Z. Yu, D. Adlerstein, S. Didi-Cohen, Y. M. Heimer, and Z. Cohen. 2000.
Triacylglycerols of the red microalga Porphyridium cruentum can contribute to the
biosynthesis of eukaryotic galactolipids. Lipids Health Dis. 35:881-889.
39
Kishino, S., J. Ogawa, Y. Omura, K. Matsumura, and S. Shimizu. 2002. Conjugated Linoleic Acid
Production from Linoleic Acid by Lactic Acid Bacteria. JAOCS 79:159-163.
Klein, C. M., and T. C. Jenkins. 2011. Docosahexaenoic acid elevates trans-18:1 isomers but is not
directly converted into trans-18:1 isomers in ruminal batch cultures. J. Dairy Sci. 94:4676-
4683.
Krehbiel, C. R. 2008. Ruminal and physiological metabolism of glycerin. J. Anim. Sci. 86(E-Suppl.
2):392.
Krehbiel, C. R., S. R. Rust, G. Zhang, and S. E. Gilliland. 2003. Bacterial direct-fed microbials in
ruminant diets: Performance response and mode of action. J. Anim. Sci. 81:E120-E132.
Kris-Etherton, P. M., W. S. Harris, and L. J. Appel. 2003. Omega-3 fatty acids and cardiovascular
disease: new recommendations from the American Heart Association. Arterioscl. Throm.
Vas. 23:151-152.
Kris-Etherton, P. M., S. Innis, American Dietetic Association, and Dietitians of Canada. 2007.
Position of the American Dietetic Association and Dietitians of Canada: dietary fatty acids.
J. Am. Diet. Assoc. 107:1599-1611.
Krutzfeldt, J., and M. Stoffel. 2006. MicroRNAs:a new class of regulatory genes affecting
metabolism. Cell Metab. 4:9-12.
Kung, J., L. , and A. O. Hession. 1995. Preventing in vitro lactate accumulation in ruminal
fermentation by inoculation with Megasphaera elsdenii. J. Anim. Sci. 73:250-256.
Lage, J. F., P. V. Paulino, L. G. Pereira, M. S. Duarte, S. C. Filho, A. S. Oliveira, N. K. Souza, and J.
C. Lima. 2014. Carcass characteristics of feedlot lambs fed crude glycerin contaminated with
high concentrations of crude fat. Meat Sci. 96:108-113.
Large, V., O. Peroni, D. Letexier, H. Ray, and M. Beylot. 2004. Metabolism of lipids in human white
adipocyte. Diabetes Metab. 30:294-309.
Latchman, D. S. 2001. Transcription factors:bound to activate or repress. Trends Biochemic. Sci.
26:211-213.
Lawson, R. E., A. R. Moss, and D. I. Givens. 2001. The role of dairy products in supplying conjugated
linoleic acid to man’s diet: a review. Nutr. Res. Rev. 14:153-172.
Lee, C. T., T. Risom, and W. M. Strauss. 2006. MicroRNAs in mammalian development. Birth
Defects Res. C: Embryo Today: Rev. 78:129-139.
Lee, S.-Y., S.-M. Lee, Y.-B. Cho, D.-K. Kam, S.-C. Lee, C.-H. Kim, and S. Seo. 2011. Glycerol as a
feed supplement for ruminants: In vitro fermentation characteristics and methane production.
Anim. Feed Sci. Technol. 166-167:269-274.
40
Lefterova, M. I., and M. A. Lazar. 2009. New developments in adipogenesis. Trends Endocrinol.
Meta. 20:107-114.
Lehloenya, K. V., C. R. Krehbiel, K. J. Mertz, T. G. Rehberger, and L. J. Spicer. 2008. Effects of
Propionibacteria and Yeast Culture Fed to Steers on Nutrient Intake and Site and Extent of
Digestion. J. Dairy Sci. 91:653-662.
LeJeune, J. T., and A. N. Wetzel. 2007. Preharvest control of Escherichia coli O157 in cattle. J. Anim.
Sci. 85:73 -80.
López, I. P., F. I. Milagro, A. Martı́, M. J. Moreno-Aliaga, J. A. Martı́nez, and C. De Miguel. 2004.
Gene expression changes in rat white adipose tissue after a high-fat diet determined by
differential display. Biochem. Bioph. Res. Co. 318:234-239.
Lourenço, M., E. Ramos-Morales, and R. J. Wallace. 2010. The role of microbes in rumen lipolysis
and biohydrogenation and their manipulation. Animal 4:1008-1023.
Lu, C., K. Rao, D. Hall, and A. Vonshak. 2001. Production of eicosapentaenoic acid (EPA) in
Monodus subterraneus grown in a helical tubular photobioreactor as affected by cell density
and light intensity. J. Appl. Phycol. 13:517-522.
Mach, N., A. Bach, and M. Devant. 2009. Effects of crude glycerin supplementation on performance
and meat quality of Holstein bulls fed high-concentrate diets. J. Anim. Sci. 87:632-638.
Machmuller, A., and M. Kreuzer. 1999. Methane suppression by coconut oil and associated effects
on nutrient and energy balance in sheep. J. Anim. Sci. 79:65-72.
Machmuller, A., D. A. Ossowski, and M. Kreuzer. 2000. Comparative evaluation of the effects of
coconut oil, oilseeds and crystalline fat on methane release, digestion and energy balance in
lambs. Anim. Feed Sci. Technol. 85:41-60.
Maczulak, A. E., B. A. Dehority, and D. L. Palmquist. 1981. Effects of long-chain fatty acids on
growth of rumen bacteria. Appl. Environ. Microb. 42:856-862.
Maia, M. R. G., L. C. Chaudhary, L. Figueres, and R. J. Wallace. 2007. Metabolism of
polyunsaturated fatty acids and their toxicity to the microflora of the rumen. Anton. van
Leeuw. 91:303-314.
Martin, C., D. P. Morgavi, and M. Doreau. 2010. Methane mitigation in ruminants: from microbe to
the farm scale. Animal 4:351-365.
Martins, D. A., L. Custódio, L. Barreira, H. Pereira, R. Ben-Hamadou, J. Varela, and K. M. Abu-
Salah. 2013. Alternative Sources of n-3 Long-Chain Polyunsaturated Fatty Acids in Marine
Microalgae. Mar. Drugs 11:2259-2281.
41
McAllister, T. A., K. A. Beauchemin, A. Y. Alazzeh, J. Baah, R. M. Teather, and K. Stanford. 2011a.
Review: The use of direct fed microbials to mitigate pathogens and enhance production in
cattle. Can. J. Anim. Sci. 91:193-211.
McAllister, T. A., K. A. Beauchemin, S. M. McGinn, X. Hao, and P. H. Robinson. 2011b. Greenhouse
gases in animal agriculture - Finding a balance between food production and emissions.
Anim. Feed Sci. Technol. 166-167:1-6.
McAllister, T. A., and C. J. Newbold. 2008. Redirecting rumen fermentation to reduce
methanogenesis. Aust. J. Exp. Agr. 48:7-13.
McAllister, T. A., E. K. Okine, G. W. Mathison, and K. J. Cheng. 1996. Dietary, environmental and
microbiological aspects of methane production in ruminants. Can. J. Anim. Sci. 76:231-243.
McGinn, S. M., K. A. Beauchemin, T. Coates, and D. Colombatto. 2004. Methane emissions from
beef cattle: effects of monensin, sunflower oil, enzymes, yeast, and fumaric acid. J. Anim.
Sci. 82:3346-3356.
McGregor, R. A., and M. S. Choi. 2011. microRNAs in the Regulation of Adipogenesis and Obesity.
Curr. Mol. Med. 11:304-316.
Moore, J., S. Furman, G. Erickson, J. Vasconcelos, W. Griffin, and T. Milton. 2011. Effects of
glycerin in steam-flaked corn feedlot diets. Nebraska Beef Cattle Report, Univ. of Nebraska,
Lincoln: 78-79.
Musselman, A. F., M. L. Van Emon, P. J. Gunn, C. P. Rusk, M. K. Neary, R. P. Lemenager, and S.
L. Lake. 2008. Effects of crude glycerin on feedlot performance and carcass characteristics
of market lambs. Am. Soc. of Anim. Sci. West. Sect. Proc. 59:353-355.
Nakatani, T., H.-J. Kim, Y. Kaburagi, K. Yasuda, and O. Ezaki. 2003. A low fish oil inhibits SREBP-
1 proteolytic cascade, while a high-fish-oil feeding decreases SREBP-1 mRNA in mice
liver:relationship to anti-obesity. J. Lipid Res. 44:369-379.
Nisbet, D. J., and S. A. Martin. 1994. Factors affecting L-lactate utilization by Selenomonas
ruminantium. J. Anim. Sci. 72:1355-1361.
Nkrumah, J. D., E. K. Okine, G. W. Mathison, K. Schmid, C. Li, J. A. Basarab, M. A. Price, Z. Wang,
and S. S. Moore. 2006. Relationships of feedlot feed efficiency, performance, and feeding
behavior with metabolic rate, methane production, and energy partitioning in beef cattle. J.
Anim. Sci. 84:145-153.
Noble, R. C., J. H. Moore, and C. G. Harfoot. 1974. Observations on the pattern on biohydrogenation
of esterified and unesterified linoleic acid in the rumen. Brit. J. Nutr. 31:99-108.
42
Noble, R. C., W. Steele, and J. H. Moore. 1969. The incorporation of linoleic acid into the plasma
lipids of sheep given intraruminal infusions of maize oil or free linoleic acid. Brit. J. Nutr.
23:709-714.
Nocek, J. E., and W. P. Kautz. 2006. Direct fed microbial supplementation on ruminal digestion,
health and performance of pre and postpartum dairy cattle. J. Dairy Sci. 89:260-266.
Nocek, J. E., W. P. Kautz, J. A. Z. Leedle, and J. G. Allman. 2000. Altering diurnal pH and in situ
digestion in dairy cows with ruminal supplementation of direct-fed microbials (DFM) and
yeast. J. Dairy Sci. 83(Suppl. 1):1242(Abstr.).
NRC. 2001. Nutritional Requirements of Dairy Cattle. National Academy Press, Washington.
Palmquist, D. L., A. L. Lock, K. J. Shingfield, and D. E. Bauman. 2005. Biosynthesis of Conjugated
Linoleic Acid in Ruminants and Humans. In: L. T. Steve (ed.) Advances in Food and
Nutrition Research No. Volume 50. p 179-217. Academic Press, Waltham, Massachusetts.
Papadoulos, G., C. Goulas, E. Apostolaki, and R. Abril. 2002. Effects of dietary supplements of algae,
containing polyunsaturated fatty acids, on milk yield and the composition of milk products
in dairy ewes. J. Dairy Res. 69:357-365.
Pariza, M. W. 2004. Perspective on the safety and effectiveness of conjugated linoleic acid. Am. J.
Clinic. Nutr. 79:1132S-1136S.
Parra, P., F. Serra, and A. Palou. 2010. Expression of Adipose MicroRNAs Is Sensitive to Dietary
Conjugated Linoleic Acid Treatment in Mice. PLoS ONE 5:e13005.
Parsons, G. L., M. K. Shelor, and J. S. Drouillard. 2009. Performance and carcass traits of finishing
heifers fed crude glycerin. J. Anim. Sci. 87:653-657.
Patra, A. K., and Z. Yu. 2013. Effects of coconut and fish oils on ruminal methanogenesis,
fermentation, and abundance and diversity of microbial populations in vitro. J. Dairy Sci.
96:1782-1792.
Petrie, J. R., P. Shrestha, M. P. Mansour, P. D. Nichols, Q. Liu, and S. P. Singh. 2010. Metabolic
engineering of omega-3 long-chain polyunsaturated fatty acids in plants using an acyl-CoA
Δ6-desaturase with ω3-preference from the marine microalga Micromonas pusilla. Metab.
Eng. 12:233-240.
Pyatt, N. A., P. H. Doane, and M. J. Cecava. 2007. Effect of crude glycerin in finishing cattle diets.
J. Anim. Sci. 85(Suppl. 1):530.
Raeth-Knight, M. L., J. G. Linn, and H. G. Jung. 2007. Effect of direct-fed microbials on performance,
diet digestibility, and rumen characteristics of Holstein dairy cows. J. Dairy Sci. 90:1802-
1809.
43
Rangel, J. H. D., and C. P. Gardiner. 2009. Stimulation of wool growth by Desmanthus spp. as a
supplement to a diet of Mitchell grass hay. Trop. Grasslands 43:106-111.
Rantalainen, M., B. M. Herrera, G. Nicholson, R. Bowden, Q. F. Wills, J. L. Min, M. J. Neville, A.
Barrett, M. Allen, N. W. Rayner, J. Fleckner, M. I. McCarthy, K. T. Zondervan, F. Karpe, C.
C. Holmes, and C. M. Lindgren. 2011. MicroRNA Expression in Abdominal and Gluteal
Adipose Tissue Is Associated with mRNA Expression Levels and Partly Genetically Driven.
PLoS ONE 6:e27338.
Rémond, B., E. Souday, and J. P. Jouany. 1993. In vitro and in vivo fermentation of glycerol by rumen
microbes. Anim. Feed Sci. Technol. 41:121-132.
Roger, V., G. Fonty, C. Andre, and P. Gouet. 1992. Effects of glycerol on growth, adhesion and
cellulolytic activity of rumen cellulolytic bacteria and anaerobic fungi. Curr. Microbiol.
25:197-201.
Romao, J. M., W. Jin, M. V. Dodson, G. J. Hausman, S. S. Moore, and L. L. Guan. 2011. MicroRNA
regulation in mammalian adipogenesis. Exp. Biol. Med. 236:997-1004.
Romao, J. M., W. Jin, H. Maolong, T. A. McAllister, and L. L. Guan. 2012. Altered MicroRNA
Expression in Bovine Subcutaneous and Visceral Adipose Tissues from Cattle under
Different Diets. PLoS ONE 7:e40605.
Scholz, B., and G. Liebezeit. 2012. Screening for biological activities and toxicological effects of 63
phytoplankton species isolated from freshwater, marine and brackish water habitats. Harmful
Algae 20:58-70.
Schoonmaker, J. P., F. L. Fluharty, and S. C. Loerch. 2004. Effect of source and amount of energy
and rate of growth in the growing phase on adipocyte cellularity and lipogenic enzyme
activity in the intramuscular and subcutaneous fat depots of Holstein steers. J. Anim. Sci.
82:137-148.
Schröder, A., and K. H. Südekum. 1999. Glycerol as a by-product of biodiesel production in diets for
ruminants. In: New Horizons for an Old Crop. Proc. 10th Int. Rapeseed Congr, Canberra,
Australia
Scientific Advisory Committee on Nutrition/Committee on Toxicity. 2004. Advice on Fish
Consumption: Benefits and Risk., TSO, London, UK.
Shingfield, K. J., S. Ahvenjarvi, V. Toivonen, A. Arola, K. V. V. Nurmela, P. Huhtanen, and J. M.
Griinari. 2003. Effect of dietary fish oil on biohydrogenation of fatty acids and milk fatty
acid content in cows. J. Anim. Sci. 77:165-179.
Shingfield, K. J., M. R. F. Lee, D. J. Humphries, N. D. Scollan, V. Toivonen, D. E. Beever, and C.
K. Reynolds. 2011. Effect of linseed oil and fish oil alone or as an equal mixture on ruminal
44
fatty acid metabolism in growing steers fed maize silage‐based diets. J. Anim. Sci. 89:3728-
3741.
Sinclair, L. A. 2007. Nutritional manipulation of the fatty acid composition of sheep meat: a review.
J. Agr. Sci. 145:419-434.
Stein, D. R., D. T. Allen, E. B. Perry, J. C. Bruner, K. W. Gates, T. G. Rehberger, K. Mertz, D. Jones,
and L. J. Spicer. 2006. Effects of feeding Propionibacteria on dry cows on milk yield, milk
components, and reproduction. J. Dairy Sci. 89:111-125.
Taniguchi, M., L. L. Guan, B. Zhang, M. V. Dodson, E. Okine, and S. S. Moore. 2008. Adipogenesis
of bovine perimuscular preadipocytes. Biochem. Bioph. Res. Co. 366:54-59.
Terré, M., A. Nudda, P. Casado, and A. Bach. 2011. The use of glycerine in rations for light lamb
during the fattening period. Anim. Feed Sci. Technol. 164:262-267.
Toral, P. G., K. J. Shingfield, G. Hervás, V. Toivonen, and P. Frutos. 2010. Effect of fish oil and
sunflower oil on rumen fermentation characteristics and fatty acid composition of digesta in
ewes fed a high concentrate diet. J. Dairy Sci. 93:4804-4817.
US Department of Agriculture, and US Department of Health and Human Services. 2010. Dietary
Guidelines for Americans 7th ed. Washington, DC: US Government Printing Office.
Versemann, B. A., B. R. Wiegand, M. S. Kerley, J. H. Porter, K. S. Roberts, and H. L. Evans. 2008.
Dietary inclusion of crude glycerol changes beef steer growth performance and intramuscular
fat deposition. J. Anim. Sci. 86(E-Suppl. 2):478 (Abstr.).
Wachira, A. M., L. A. Sinclair, R. G. Wilkinson, M. Enser, J. D. Wood, and A. V. Fisher. 2002.
Effects of dietary fat source and breed on the carcass composition, n-3 polyunsaturated fatty
acid and conjugated linoleic acid content of sheep meat and adipose tissue. Brit. J. Nutr.
88:697-709.
Wahid, F., A. Shehzad, T. Khan, and Y. Y. Kim. 2010. MicroRNAs: Synthesis, mechanism, function,
and recent clinical trials. BBA Mol. Cell Res. 1803:1231-1243.
Walz, L. S., T. W. White, J. M. Fernandez, L. R. Gentry, D. C. Blouin, M. A. Froetschel, T. F. Brown,
C. J. Lupton, and A. M. Chapa. 1998. Effects of fish meal and sodium bentonite on daily
gain, wool growth, carcass characteristics, and ruminal and blood characteristics of lambs fed
concentrate diets. J. Anim. Sci. 76:2025-2031.
Wang, L.-M., J.-P. Lv, Z.-Q. Chu, Y.-Y. Cui, and X.-H. Ren. 2007. Production of conjugated linoleic
acid by Propionibacterium freudenreichii. Food Chem.103:313-318.
Wang, N. D., M. J. Finegold, A. Bradley, C. N. Ou, S. V. Abdelsayed, M. D. Wilde, L. R. Taylor, D.
R. Wilson, and G. J. Darlington. 1995. Impaired energy homeostasis in C/EBP alpha
knockout mice. Science 269:1108-1112.
45
Weiss, W. P., D. J. Wyatt, and T. R. McKelvey. 2008. Effect of feeding propionibacteria on milk
production by early lactation dairy cows. J. Dairy Sci. 91:646-652.
West, J. W., and J. K. Bernard. 2011. Effects of addition of bacterial inoculants to the diets of lactating
dairy cows on feed intake, milk yield, and milk composition. Prof. Anim. Sci. 27:122-126.
Whigham, L. D., M. E. Cook, and R. L. Atkinson. 2000. Conjugated linoleic acid: Implications for
human health. Pharmacol. Res. 42:503-510.
White, U. A., and J. M. Stephens. 2010. Transcriptional factors that promote formation of white
adipose tissue. Mol. Cell. Endocrinol. 318:10-14.
WHO. 2003. Diet, nutrition and the prevention of chronic diseases. Report of a joint WHO/FAO
Expert Consultation. WHO Technical Report Series 916., Geneva, Switzerland: WHO.
Williams, C. M., and G. Burdge. 2006. Long-chain n-3 PUFA: plant v. marine sources. Proc. Nutr.
Soc. 65:42-50.
Yang, Z.-K., Y.-F. Niu, Y.-H. Ma, J. Xue, M.-H. Zhang, W.-D. Yang, J.-S. Liu, S.-H. Lu, Y. Guan,
and H.-Y. Li. 2013. Molecular and cellular mechanisms of neutral lipid accumulation in
diatom following nitrogen deprivation. Biotechnol. Biofuels 6:67-81.
Yokochi, T., D. Honda, T. Higashihara, and T. Nakahara. 1998. Optimization of docosahexaenoic
acid production by Schizochytrium limacinum SR21. Appl. Microbiol. Biotechnol. 49:72-76.
Zinn, R. A., and A. Plascencia. 1996. Effects of forage level on the comparative feeding value of
supplemental fat in growing/finishing diets for feedlot cattle. J. Anim. Sci. 74:1194-1201.
46
Tables
Table 2.1. In vitro effects of crude glycerol/glycerin supplementation on individual
volatile fatty acid (VFA) concentrations and CH4 production
VFA (mol/100 mol)
Reference Diet
Dose
(% DM) A P B A:P
CH4
(mg/g
DM)
Lee et al., 2011 Corn grain 17 39.1 36.2 20 1.12 25.8 (↓)
Alfalfa hay 17 43.5 38 11 1.14 14.9 (↓)
Avila et al., 2011 Barley grain:
barley silage
(1:1)
7 35.3 38.2 18.2 0.92 7.4
14 32.6 42.1 16.6 0.78 7.5
21 32.6 42.1 16.6 0.78 7.1
Avila-Stagno et
al., 2013b
Brome hay
and corn silage
5 921 49 31 1.9 11.54 (↑)
10 88 63 34 1.4 13.54 (↑)
15 106 84 41 1.3 15.32 (↑)
Abbreviations: A, acetate; P, propionate; B, butyrate
(↓) Significantly decreased, in comparison to the control (P < 0.05)
(↑) Significantly increased, in comparison to the control (P < 0.05)
1 VFA values represent production (mmol/d)
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Table 2.2. Effect of direct-fed microbial supplements on intake and milk production of
Holstein dairy cows
Reference Treatment Basal Diet DMI
Final
BW
Milk
Yield
(kg/d)
FCM
(kg/d)
Protein
(%)
Fat
(%)
Stein et al.,
2006
6 × 1010 to 6 ×
1011 cfu/d P169
Sorghum
silage
NR NR ↑ ↑ - ↓ 1
Nocek and
Kautz.,
2006
5 × 109 cfu yeast
and 5 × 109 cfu
Enterococcus
faecium
Corn
silage
↑ 2 - ↑ - - ↓
Weiss et al.,
2008
6 × 1011 cfu/d
P169
Corn
silage
↓ 2 - - - - -
West and
Bernard,
2011
2 × 109 cfu/d P.
freudenreichii
NP24 + 1 × 109 L.
acidophilus NP51
or 5 × 108 L.
acidophilus NP51
and NP54
Corn
silage
- - ↑ 3 ↑ - -
Boyd et al.,
2011
4 × 109 cfu/d L.
acidophilus NP51
and P.
freudenreichii
NP24
Corn
silage
- - ↑ ↑ - -
Abbreviations: P169, propionibacterium strain P169; BW, body weight; FCM, 3.5% fat corrected
milk; NR, not reported; -, no statistically significant effect; ↓, decreased; ↑, increased. Significance
was determined when P < 0.05.
1 Only in multiparous cows
2 Postpartum only
3 Only a trend (P = 0.08)
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Table 2.3. Effects of dietary glycerol and crude glycerin inclusion in cattle and sheep diets on
production performance and carcass characteristics
Reference
Animal
(number
used) Basal diet
Max
dose
(% DM) DMI ADG FCR HCW DP LMA
Musselman
et al., 2008
Southdown x
suffolk lambs
(48)
DDGS
(25%)
45 ↑ ↑ 1 ↑ 1 - ↑ 1 -
Elam et al.,
2008
Cross bred
heifers (156)
Steam
flaked corn
15 ↓ - - - - -
Mach et al.,
2009
Holstein bulls
(48)
Corn grain
(36%)
12 - - - - - -
Parsons et
al., 2009
Cross bred
heifers (373)
Steam
flaked corn
16 ↓ ↑ 2 ↑ ↑ 2 - ↑ 3
Gun et al.,
2010a
Suffolk cross
lambs (30)
Dried rolled
corn
20 ↑ 4 ↑ 4 ↓ 5 - - -
Gun et al.,
2010b
Cross bred
lambs (48)
DDGS
(25%)
45 ↓ 6 ↓ ↓ - ↓ -
Moore et
al., 2011
Cross bred
steers (515)
Steam
flaked corn
9 ↑ ↑ ↑ ↑ - -
Avila-
Stagno et
al., 2013a
Canadian
Arcott Lambs
(12)
Barley
(57%)
21 ↓ ↓ 5 - NR NR NR
Hales et al.,
2013
Cross bred
steers (50)
Steam
flaked corn
10 - ↑ ↓ NR NR NR
Lage et al.,
2014
Santa Ines
lambs (30)
Concentrate
(70%)
12 ↓ ↑ - ↑ - ↑
Cross bred
steers (54)
Steam
flaked corn
7.5 - ↑ - NR NR NR
Abbreviations: DMI, Dry Matter Intake; ADG, average daily gain; FCR, feed efficiency; HCW, hot
carcass weight; DP, dressing percentage, LMA, Longissimus muscle area; NR, not reported; -, no
statistically significant effect; ↓, decreased; ↑, increased.  Significance was determined when P <
0.05.
1 At 15% DM only
2 Quadratic response, a decrease was observed at 12 and 16% DM inclusion
3 Only at 2 and 4% DM inclusion
4 Only observed in the first 14 d
5 Only a trend (P = 0.06)
6 Only observed at 30 and 40% DM inclusion
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Table 2.4. Recommended intake levels of DHA and EPA
Population
Recommended
intake (mg/d) Reference
Various
Adults ≥250 FAO/ WHO (2009)
Canada
Adults ≥500 Academy of Nutrition and Dietetics
(Kris-Etherton et al., 2007)
America
Adults without CHD ~500 American Heart Association (Kris-
Etherton et al., 2003)Patients with CHD ~1000
Patients with high TGL 2000-4000
Adults ≥250 US Department of Agriculture (2010)
Europe
Adults ≥250 European Food Safety Authority (2010)
Pregnant/lactating women ≥250
Australia
Adults 500 National Hearth Foundation (Colquhoun
et al., 2008)Pregnant/lactating women 500
Patients with CHD 1000
Adapted from Flock et al. (2013) and Givens and Gibb (2008)
CHD: Chronic health disease
TGL: Triglyceride level
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Table 2.5. Effects of algae supplementation on fatty acid profiles of rumen contents,
tissues and milk
Reference Animal Supplement CLA 1 EPA DHA n-3 n-6/n-3
Rumen
Boeckaert et
al., 2007a
Holstein
cows
Schizochytrium
spp. (2% fresh
wt)
- ↑ ↑ ↑ ↓
Longissimus muscle
Elmore et
al., 2005
Suffolk cross
lambs (50)
Marine algae 2 - ↑ ↑ NR -
Cooper et
al., 2004
Suffolk cross
lambs (50)
Marine algae 2 ↓ ↑ ↑ ↑ 3 NR
Subcutaneous adipose tissue
Cooper et
al., 2004
Suffolk cross
lambs (50)
Marine algae 2 ↓ ↑ ↑ ↑ NR
Milk
Papadopoulo
s et al., 2002
Karagouniko
ewes (32)
Schizochytrium
spp. (0 to 94 g)
NR ↑ ↑ ↑ ↓
Abbreviations: EPA, Eicosapentaenoic acid (22:5n-3); DHA, Docosahexaenoic acid (22:6n-3);
NR, not reported; -, no statistically significant effect; ↓, decreased; ↑, increased.  Significance
was determined when P < 0.05.
1 Conjugated linolenic acid (CLA) c-9, t-11
2 Algae (species not specified) is combined with protected oil or fish oil, 1:1
3 Only in algae and fish oil combination
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Chapter 3 – Objectives
This thesis aimed to evaluate whether the use of dietary supplements, selected for
their potential to reduce CH4 emissions in ruminant’s could beneficially alter production
characteristics of sheep. If production is compromised or provision of supplements results in
undesirable attributes in the products produced, it is unlikely it would be adopted by
producers regardless of its potential to reduce CH4 emissions. As such, this thesis aimed to
provide an in depth knowledge of the effects supplements may have on sheep and their
subsequent productive capabilities. The supplements included crude glycerin,
propionibacterium and micro-algae and were chosen for their ability to increase propionate
production in the rumen. This increase in propionate can provide additional energy for
growth and as such, may have the potential to alter various aspects of production as well as
the end products produced. Consequently, this thesis focused on the specific production
effects that may be altered as a result of increasing propionate production in the rumen.
The first study examined the effects of supplementing a bacterial direct fed microbial,
Propionibacterium freudereichii with and without flaxseed oil, on in vitro ruminal
fermentation, CH4 production and FA biohydrogenation using a semi-continuous
fermentation system known as the Rumen Simulation Technique (RUSITEC). This trial was
the first to report on the potential effects of propionibacterium on ruminal biohydrogenation
of FA.
The inclusion of crude glycerin in the diet of mature Merino ewes was examined for
its effects on body condition, feeding behaviour; and wool production and quality. This
provided the first report on the effect of crude glycerin on feeding behaviour and wool
production.
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The third study aimed to provide insight into the inclusion of micro-algae Tasco®
(Ascophyllum nodosum) as a replacement for dietary oils by providing a comparison with
various dietary lipid sources. The current study aimed to characterise its effects on production
and carcass characteristics, FA profiles in lamb tissues and wool yield and quality
characteristics.
The fourth and final study focused on lamb production and the effects of including a
commercial algal meal, DHA-Gold® in the diet of Canadian Arcott lambs on the FA
composition of tissues. Further investigation into the molecular mechanisms regulating
adipogenesis and FA composition in lamb adipose tissues was undertaken in attempts to
better understand how diet can influence these processes.
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Chapter 4
Effect of Propionibacterium freudenreichii on ruminal fermentation
patterns, methane production and lipid biohydrogenation of beef
finishing diets containing flaxseed oil in a rumen simulation technique1
1This Chapter has been submitted and is under review: Meale S. J., S. Ding, M. L. He, M. E.
R. Dugan, G. O. Ribeiro Jr., A.Y. Alazzeh, H. Holo, O. M. Harstad, T. A. McAllister
and A. V. Chaves. Effect of Propionibacterium freudenreichii on ruminal fermentation
patterns, methane production and lipid biohydrogenation of beef finishing diets
containing flaxseed oil in a rumen simulation technique. Can. J. Anim. Sci.
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4.1. Abstract
The objectives of the current study were to examine the effects of Propionibacterium
freudenreichii (strain T54; PB) and flaxseed oil (FO) in a TMR on ruminal fermentation,
CH4 production and fatty acid biohydrogenation in two artificial rumens (RUSITEC). The
experiment was conducted over 20 d with 8 d of adaptation and 12 d of sample collection
with 4 replicate fermenters per treatment. Treatments were: 1) CON (autoclaved PB); 2) PB;
3) FO (6% DM with autoclaved PB); 4) FOPB (6% DM with PB). Disappearance of DM
(g/kg DM) and gas production (mL/g DM) were not affected (P > 0.10) by treatment.
Inclusion of FOPB increased (P = 0.01) total VFA production (mmol/d), compared with
CON and PB. The acetate:propionate ratio was reduced in all treatments, compared to CON
(P < 0.001). Methane production (mL/g DM or mL/g DMD) was lowest with PB (27.1%);
however, FO (14.3%) and FOPB (19.3%) also reduced CH4 compared to CON (P < 0.05).
Fatty acid profiles for PB were similar to CON for most FA (P>0.05). Concentrations of
18:3n-3 were higher in FO and FOPB in both digesta and effluent, compared to CON (P <
0.05). This indicates that PB had very little effect on ruminal biohydrogenation, but did
reduce CH4 production under the current conditions as a result of increasing propionate
production. Inclusion of PB reduced CH4 production, but without altering the
biohydrogenation of PUFA in FO or the ability of FO to inhibit CH4 production.
Key words: bacterial direct-fed microbials, fatty acid profiles, lipids, RUSITEC
Running title: Propionibacteria mitigate methane emissions
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4.2. Introduction
Over 90% of methane (CH4) emissions from ruminant livestock arise from enteric
fermentation (Meale et al., 2012), a process which results in a substantial loss of dietary
energy for ruminants (Johnson and Johnson, 1995). Cattle fed high- to moderate-quality
forages are estimated to lose 6.5% of gross energy intake (GEI) as CH4, while those fed high-
grain diets lose as little as 2% of GEI (IPCC, 2006). Consequently, enteric CH4 emissions
are by far the single most important emission source that can be targeted for mitigation within
the ruminant production cycle. Several nutritional strategies have been investigated as a
means of reducing CH4 emissions [see reviews by McAllister and Newbold (2008);
Beauchemin et al. (2009); Meale et al. (2012)]. Of these, inclusion of lipids in the diet are
considered the most promising (Martin et al., 2010). Depending on the lipid source, such an
approach also has the potential to beneficially alter the fatty acid (FA) profile of meat and
milk (Meale et al., 2014). For example, flaxseed oil is commonly used as a source of linolenic
acid (18:3n-3), as it is biohydrogenated to 18:1 t-11 which can be further converted to
conjugated linoleic acid (CLA) in ruminant tissues. This biohydrogenation is also known to
play a role in reducing enteric CH4 production as the saturation of FA re-directs hydrogen
away from methanogenesis, but the contribution of this pathway to CH4 reduction is
negligible (Nagaraja et al., 1997). The more widely recognized mechanism whereby lipids
reduce CH4 production arises from their antimicrobial effects on methanogens and protozoa,
especially with polyunsaturated fatty acids (PUFA) which disrupt the cell membrane (Jenkins
et al., 2008; Martin et al., 2010).
A recent push for alternative means of manipulating the rumen environment
identified the use of bacterial direct-fed microbials (DFM), such as propionibacteria, as
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additives capable of utilizing lactic-acid and promoting the production of propionate in the
rumen (Kung and Hession, 1995; Nisbet and Martin, 1994). In particular, Propionibacterium
spp., a Gram-positive bacteria, has been shown to improve the energy status of ruminants
(Weiss et al., 2008) by favoring the production of propionate as the end product of
fermentation which serves as an alternate means of hydrogen disposal to ruminal
methanogenesis (Attwood and McSweeney, 2008; McAllister et al., 2011; McAllister and
Newbold, 2008). Previous work in our laboratory (Alazzeh et al., 2012) screened several
strains of Propionibacterium spp. and reported reductions in in vitro CH4 production but this
reduction was not always associated with an increase in propionate production. The authors
identified the ability of P. freudereichii strain T54 to reduce in vitro CH4 production.
Additional work in our laboratory (Ding et al., unpublished data) screened numerous strain
of P. freudereichii for their effects on in vitro biohydrogenation patterns, identifying P.
freudereichii strain T54 as a promising inoculant for the beneficial modification of FA
profiles. It has also been reported that several species of propionibacteria exert antimicrobial
activity and produce antimicrobial peptides that may contribute to a reduction in CH4 (Brede
et al., 2004; Gwiazdowska and Trojanowska, 2006; Holo et al., 2002). Propionibacteria have
also been investigated in vitro for their ability to alter the biohydrogenation of PUFA
(Hennessy et al., 2012), increasing the generation of health promoting FA such as CLA c-9,
t-11 (rumenic acid) (Kishino et al., 2002; Ding et al., unpublished). However, comparisons
in which the effects of DFM on both methanogenesis and ruminal biohydrogenation are
measured are scarce and thus, the current study aimed to examine the effects of P.
freudereichii strain T54 in a beef cattle finishing TMR, with and without flaxseed oil, on in
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vitro ruminal fermentation, CH4 production and FA biohydrogenation using the Rumen
Simulation Technique (RUSITEC).
4.3. Materials and Methods
The present experiment was conducted at the Agriculture and Agri-Food Canada
Research Centre in Lethbridge, Alberta, Canada. Donor cows used in the experiment were
cared for in accordance with the guidelines of the Canadian Council on Animal Care (1993).
4.3.1. Experimental Design and Treatments
The experiment was a completely randomised design with four dietary treatments
replicated in two RUSITEC apparatuses (Czerkawski and Breckenridge, 1977). The
experiment was conducted over 20 d, with an 8 d adaptation and 12 d measurement period.
The basal diet fed to the RUSITEC consisted of 80% DM barley grain, 15% DM barley silage
and 5% DM supplement (Table 4.1.). Treatments were: 1) CON: control with autoclaved P.
freudenreichii T54 (PB); 2) FO: 6% DM flaxseed oil with autoclaved PB; 3) PB: inoculated
PB; 4) FOPB: 6% DM flaxseed oil with PB. Propionibacterium freudenreichii (6 × 109
CFU/mL) in 23 mL culture fluid was added to each fermenter daily. Diets were freeze-dried
and ground through a 4-mm screen prior to placement in feed bags. For treatments with
flaxseed, oil (Nature’s Bounty Inc., USA) was mixed with ground feed prior to being weighed
into pre-labelled nylon bags (5 × 10 cm, ANKOM, Ankom Technol. Corp., Fairport, NY,
USA) and stored at -4°C prior to placement in fermenters.
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4.3.2. Experimental Apparatuses and Incubations
Two RUSITEC apparatuses were used in the study, each equipped with eight 920 mL
anaerobic fermenters. Each fermenter was outfitted with an input port for buffer, and an exit
port for effluent. The fermenters were immersed in a water bath maintained at 39ºC. The
experiment was started by filling each fermenter with 180 mL of McDougall’s buffer
modified to contain 0.3 g/l of (NH4)2SO4, 720 mL of strained rumen fluid and two pre-labeled
nylon bags. One of the bags contained 10 g of solid rumen digesta, and the second contained
10 g of the appropriate diet. Inoculum was obtained from three ruminally fistulated Angus ×
Hereford cattle fed a TMR containing barley grain, barley/corn silage and mineral
supplements (80:15:5, DM basis) 2 h after feeding. Samples were pooled and filtered through
four layers of cheesecloth into an insulated thermos and immediately transported to the
laboratory. After 24 h, the nylon bag containing solid rumen digesta was removed from each
fermenter and replaced with a single nylon bag containing 10 g of diet. Thereafter, one bag
was replaced daily (1000 h) so that each bag remained in the fermenter for 48 h.
Artificial saliva (pH 8.2; McDougall, 1948) was infused continuously into each
fermenter at a rate of 2.9% per h, replacing 70% of the volume in each fermenter each day
(Fraser et al., 2007). Effluent and gas from each fermenter were collected into a 1000 mL
flask, and a 2.0 L air tight plastic bag, respectively. Daily total gas production and effluent
volume from each fermenter were measured at the time of feed bag exchange. At the same
time rumen fluid pH was measured using a pH meter (Orion Model 260A, Fisher Scientific,
Toronto, ON). Fermenters were flushed with O2-free CO2 to ensure an anaerobic
environment.
59
To prepare the inoculum, P. freudenreichii strain T54 was grown anaerobically for
48 h in sodium lactate broth (SLB) media at 30oC. Cultures were grown in SLB (200 mL)
containing 2 g tryptone, 2 g yeast extract, 16.7% sodium lactate (60%), 0.05 g K2HPO4, 0.1%
tween 80 and 0.1% resazurin (Sigma-Aldrich, CO, St. Louis, MO, US). Cell density was
estimated based on measurement of optical density that had been previously verified by
dilution plating and enumeration P. freudenreichii T54. Propionibacteria were administered
daily from d 7 onward during feed bag exchange. The suspension tube was washed with
rumen fluid to ensure all propionibacteria was delivered to the fermenter.
4.3.4. Sample Collection and Analysis
Dry Matter Disappearance. DM disappearance of the diet after 48 h of fermentation
was determined throughout the adaptation period and on d 10 to 13 of the experimental
period. Feed bags were removed from each fermenter and washed under cold running water
until the water was clear. The bags were then dried at 55ºC for 48 h. The feed bags at 0 h
were soaked for 30 min in warm water (39ºC), then washed and dried as above. The
residues were pooled over the three days and analysed for total nitrogen (LECO Nitrogen
analyser, Leco, St. Joseph, MI), NDF, ADF as described by Van Soest et al. (1991)
modified for an Ankom 200/220 Fiber Analyzer (Ankom Technology Corp., Fairport, NY)
and starch (kit 207748, Boehringer Mannheim, Ingelheim am Rhein, Germany; Wang et al.,
2001).
Ruminal Fermentation End Products. Total gas production at 24 h was determined
throughout the experiment by collecting all gases into 2000 mL air tight reusable plastic bags
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(Conviden, Mansfield, MA). Total gas was measured using a gas meter (Alexander-Wright,
London). Concentration of CH4 in the gas was determined from d 10 to 13, by subsampling
from the air tight bag and subjecting samples to gas chromatography immediately after
collection, as described by Wang et al. (1998). Effluent volume was determined daily at the
time of feed bag exchange. Effluent was preserved by placing effluent vessels on ice. Volatile
fatty acid (VFA) production was determined by subsampling (4 mL) the effluent of each
fermenter on d 10 to 13. Subsamples were transferred into screw capped vials containing 1.0
mL of 25% (wt/wt) phosphoric acid and immediately frozen at -40oC until analysed for VFA
by gas chromatography (Dong et al., 1997; McAllister et al., 1990).
Microbial Protein Synthesis. To estimate microbial protein synthesis, effluent and
feed residue solids were sampled on d 9 for determination of background 15N, and the 0.3 g/l
(NH4)2SO4 in the McDougall's buffer was replaced with 0.3 g/l 15N-enriched (NH4)2SO4
(Sigma Chemical Co., minimum 15N enrichment 10.01 atom %) for the remainder of the
experiment. On d 14 to 16, 24 h accumulations of preserved effluent from each vessel were
sampled for determination of 15N enrichment in non-ammonia nitrogen. Feed residue solids
were isolated from feed bags incubated for 48 h on d 14 to 16. Upon removal from the
fermenter, feed bags were sealed in a plastic bag with 20 ml of McDougall buffer
(McDougall, 1948) and processed for 60 s in a Stomacher 400 laboratory blender (Seward
Medical Limited, London, UK). The processed liquid was expressed from solids and
retained, while feed residues were washed twice with 10 ml of McDougal buffer. The two 10
ml washings were combined with the initially expressed liquid, and the total volume was
recorded. All samples were stored at -40oC until analysed.
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For 15N determination, liquid samples were centrifuged (20 000 g; 30 min; 4oC), and
the pellets were washed three times with double distilled water with centrifuging (20 000 g;
30 min; 4oC) after each wash. The resulting pellet was resuspended in 5.0 ml water, combined
with 1.0 ml (w/v) NaOH and dried at 75oC. Feed residue samples were resuspended in 10 ml
McDougall’s buffer, and washed, dried and treated with NaOH as for liquid samples. Dried
materials were weighed and ground for measurement of total N and 15N enrichment by mass
spectrometry using an NA 1500 nitrogen analyser (Carlo Erba Instruments, Rodano, MI,
Italy).
Determination of Fatty Acid Profile of Effluent and Feed. Samples of digesta after 48
h of digestion (2 g) and 50 mL of effluent on d 17 to 20 were frozen at -40oC for FA analysis.
Digesta collected from bags was freeze-dried and lipids were extracted with diethyl ether for
3 h using a Goldfisch Apparatus (Laboratory construction Co., Kansas City, Mo. USA)
according to Mir et al. (2003). The same method was used to extract lipids from the diet but,
these samples were not freeze-dried. Effluent samples were freeze-dried and lipids were
extracted with an HPLC grade mixed solvent of isopropanol-hexane : aqueous sodium
sulphate (66.8 g/L) in a ratio of 15:10:10 v/v/v after being homogenized (PRO 250, PRO
Scientific Inc. Oxford, CT, USA) and treated with an ultrasonic cell disruptor
(MicrosonPTMP, NY, USA). The upper hexane layer was evaporated under nitrogen at 38ºC
in a water bath. The extracted lipid residue was stored at –40ºC prior to methylation for
determination of FA profiles.
Nonadecanoic acid (19:0) methyl ester (100 μL, 5.96 mg/mL hexane, Nu-Chek Prep,
Inc., MN, USA) was added to lipid samples as an internal standard. Fatty acids were
methylated using a combined base/acid methylation procedure. Samples of both feed and
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effluent were mixed with sodium methoxide (2 mL, 0.5 mmol/L in methanol) and tubes were
flushed with nitrogen and mixed. Tubes were placed in water bath at 50ºC for 10 min;
thereafter, 1 mL of 14% boron triofluoride in methanol was added and tubes were incubated
at 50ºC for an additional 10 min. After cooling, water (5 mL) and hexane (5 mL) were added
to each tube and the solution was mixed. Samples were allowed to stand for 10 min and the
upper hexane layer was transferred to a vial for FA determination. Fatty acid methyl esters
(FAME) were quantified using a gas chromatograph (Hewlett Packard GC System 6890,
Mississauga, ON, Canada) equipped with a flame ionization detector and SP-2560 fused
silica capillary column (75 m × 0.18 mm × 0.14 μm; Supelco Inc., Oakville, ON, Canada)
(Bernardes et al., 2013; He et al., 2012). To obtain FA profiles, hexane extracts (1 μL) were
injected using a 20:1 split. The initial oven temperature (55ºC) was held for 5 min, increased
by 15ºC/min to 155ºC, held for 56 min, and increased at 10ºC/min to 240ºC, and finally held
for an additional 15 min. Hydrogen was used as the carrier gas (head pressure 16.3 psi and
flow rate of 0.3 mL/min) and helium as the make-up gas (10 mL/min). Peaks in
chromatograms were identified and quantified using pure methyl ester standards (Sigma-
Aldrich Inc., CO, St. Louis, MO, USA). The identification of some biohydrogenation
products, including 18:1 trans-all, CLA (combined 18:2 c-9, t-11 and 18:2 t-7, c-9) and non-
conjugated dienes (NCDienes; sum of 18:2 c-9, t-13; 18:2 t-8, c-12, 18:2 c-9, t-12; 18:2 t-8,
c-13, 18:2 t-11, c-15) were based on relative retention times of previous reports (Cruz-
Hernandez et al., 2004; Ratnayake, 2004).
4.3.5. Calculations
Apparent biohydrogenation values were calculated based on the proportional loss of
FA after 48 h of in vitro incubation i.e., (FA0h – FA48h)/FA0h with FA0h and FA48h the amount
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of FA in the incubation flask (mg/incubation) at the start of the incubation and after 48h,
respectively (Vlaeminck et al., 2008). The net amount of 18:0 (% weight) resulting from the
biohydrogenation of C18 PUFA was calculated as the difference of the in vitro gain of 18:0
and the amount of oleic acid (18:1 c-9) lost (Fievez et al., 2007). Thus, the percentage of 18:0
in the effluent as a result of biohydrogenation of C18 PUFA was calculated as the net gain
of 18:0 due to the biohydrogenation of C18 PUFA divided by the amount of 18:0 in the
effluent multiplied by 100.
4.3.6. Statistical Analysis
Data were analysed using the MIXED procedure of SAS (2013). The model included
the fixed effects of treatment, day and treatment × day interactions with the day of sampling
from each fermenter treated as a repeated measure. However no day or day x treatment
interactions were observed and therefore these data were not included in tables. The
individual fermenter was used as the experimental unit for statistical analysis. The minimum
values of Akaike’s information criterion were used to select the covariance structure.
Significance was declared when P < 0.05.
4.4. Results
4.4.1. Gas and Methane Production
Total gas yield (mL/g DM) from the CON was similar to FO, PB or FOPB after 24 h
of fermentation (P = 0.19; Table 4.2.). Methane production from the control diet expressed
as either mL CH4/g DM or mL CH4/g DDM, was higher (P < 0.001) than that produced from
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treatments, with PB reducing CH4 (mL/g DMD) by 25.2% as compared to CON. Inclusion
of FO or FOPB reduced CH4 (mL/g DMD) an average of 8.85%.
4.4.2. Fermentation Characteristics
Dry matter disappearance was similar across treatments (P = 0.26; Table 4.2.). Total
VFA production (mmol/d) in PB was similar to FO and CON (P > 0.05), but higher (P =
0.01) in FOPB than CON. Acetate production (mmol/d) was similar (P > 0.05) to CON in
FO and PB, but increased (P = 0.04) with FOPB. Propionate production (mmol/d) was higher
(P < 0.001) than the CON in all treatments. Consequently, the acetate to propionate ratio was
lower than CON (P < 0.001) in all treatments. No treatment effects (P = 0.21) were observed
on ammonia production (mmol/d). Total microbial protein (mg) and total microbial protein
incorporation N15 (µg) were greater (P < 0.01) in all treatments, as compared to CON.
4.4.3. Fatty Acid Profiles of Feed and Effluent
The FA profiles observed with the supplementation of FO, PB and FOPB are
presented in Table 4.3. Inoculation of the basal diet with PB increased (P < 0.001) 18:3n-3,
and decreased (P < 0.05) 18:0 in effluent, compared to all treatments. Similarly, PB decreased
CLA c-9, t-11, compared to CON, but was higher than FO and FOPB treatments (P < 0.001).
Conversely, 18:1 c-15 and CLA t-10, c-12 in digesta were higher (P < 0.001) than the control
but lower than FO and FOPB, which were similar (P > 0.05). Proportions of 18:1 t-11 in the
digesta decreased (P < 0.001) with PB, compared to all treatments. The addition of both FO
and PB (FOPB) to the basal diet produced similar FA profiles to that of FO (P > 0.05) with
the exception that FOPB had lower (P < 0.001) concentrations of 18:0 and PUFA, in effluent
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and digesta samples, respectively. Additionally, concentrations of 18:1 c-9 and 18:1 c-15
were higher (P ≤ 0.001) in effluent of FOPB compared to FO.
Despite the observed differences in the FA profiles of PB, FO and FOPB compared
to CON, very little apparent biohydrogenation was observed in any treatment (Fig. 4.1.).
Comparisons of diet FA and digesta FA revealed a small increase in 18:3n-3 in FO and FOPB
treatments compared to CON (-2.95, -2.90 and 0.49, respectively; s.e.m. = 0.029; P < 0.001)
but a reduction in 18:2n-6 was observed with the same diets (0.49, 0.49 and -0.09; s.e.m. =
0.004; P < 0.001). Conversely, the biohydrogenation of 18:3n-3 and 18:2n-6 to 18:0 in the
effluent was highly efficient (Fig. 4.2.), with an average 80.0% of 18:0 in the effluent
resulting from the biohydrogenation of C18 PUFA (P = 0.054; data not shown). A higher
Figure 4.1. Apparent biohydrogenation of feed to digesta. Proportional loss of FA over 48 h of
incubation calculated as [(FA0h - FA48h)/FA0h]. * within each FA, differs from the control P <
0.05.
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apparent biohydrogenation of 18:3n-3 was observed for diets containing FO (FO and FOPB;
47.77 vs. 10.67 CON; s.e.m. = 0.002; P < 0.001) compared to the control, which was similar
to PB (P > 0.05). Conversely, apparent biohydrogenation of 18:2n-6 was greater in the CON
and PB diets compared to the FO and FOPB in the effluent (47.71 vs.
22.60; s.e.m. = 0.005; P < 0.001). The production of biohydrogenation intermediates 18:1 t-
11 and CLA c-9, t-11 in the effluent was minor and did not appear to be affected by PB
inoculation of either the control diet or the flaxseed oil diet (P > 0.05; Fig. 4.2.).
Figure 4.2. Apparent biohydrogenation of feed to effluent. Proportional loss of FA over
48 h of incubation calculated as [(FA0h - FA48h)/FA0h]. * within each FA, differs from
the control P < 0.05.
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4.5. Discussion
4.5.1. Rumen Fermentation
The inclusion of dietary lipids is considered the most effective strategy to reduce CH4
emissions from ruminants (Martin et al., 2010). In the present study, we deliberately included
FO at a level that increased the level of fat in the diet to 8.7% as levels above 8% DM are
frequently associated with a reduction in fiber and organic matter digestibility (Beauchemin
et al., 2008). However, DM disappearance and gas production were similar across all
treatments. This is in agreement with previous in vitro (Sinclair et al., 2005; Sterk et al.,
2010), in situ (Ghorbani et al., 2002; Martin et al., 2008) and in vivo (Benchaar et al., 2012;
Doreau et al., 2009) studies with FO. For example, Vargas et al. (2011) included FO (5%
DM) in a cracked-corn and barley grain based dairy ewe diet and found no differences in DM
or NDF degradation in the RUSITEC. Similarly, Jalč et al. (2007) supplemented α-linolenic
acid (3.5% wt/wt) purified from FO to a diet of lucerne hay and barley (80:20, respectively)
in a RUSITEC and observed no effects on DM disappearance. Côrtes et al. (2010) also
observed no changes in digestibility when 4.2% DM flaxseed or 1.9% DM calcium salts of
FO were included in a TMR fed to dairy cows. These results suggest that inclusion of FO at
up to 8.7% DM does not affect diet digestibility.
The lack of effect of PB on gas production and digestibility is in agreement with the
results of Alazzeh et al. (2012) in which the same strain of P. freudenreichii was assessed for
its effects on in vitro gas production (mL/g DM) from a corn- or mixed barley silage, alfalfa
and grass hay-based diet after 48 h of in vitro incubation. Propionibacteria are generally
considered to influence the production of individual VFA such that fermentation is
preferentially shifted towards propionate, a response observed in the present study. As a
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result of the stoichiometric relationship between propionate and acetate in the rumen, this
shift has the potential to reduce enteric CH4 production (Van Soest, 1994) and theoretically
increase energy retention. In the current study, inclusion of PB alone or in combination with
FO (FOPB) increased propionate production at the expense of acetate. This is in agreement
with the study by Kim et al. (2000) which inoculated finishing steers fed a high concentrate
diet with increasing levels of P. acidipropionici (none, 107, 108, 109 and 1010 cfu/g) and
observed a linear increase in propionate with increasing dosage. In contrast, Ghorbani et al.
(2002) inoculated ruminally cannulated steers with Propionibacterium P15 (109 cfu/g) and
fed a steam-rolled barley, barley silage and a protein mineral supplement at a ratio of 87:9:4
and reported no effect on total VFA concentration or the proportion of individual VFA.
Alazzeh et al. (2012) observed no changes in total VFA, acetate or propionate production
from a corn-based diet after 48 h of in vitro incubation with mixed ruminal cultures
inoculated with 1.6 x 109 cfu/g of (P. freudenreichii T54) yet, CH4 production (mL/g DM)
was reduced by 6% compared to the CON. Conversely, P. freudenreichii T54 had no effect
on in vitro CH4 in a forage diet consisting of grass hay, alfalfa hay and corn barley silage
(50:25:25, respectively; Alazzeh et al., 2012). The shift in individual VFA concentrations
towards the production of propionate may account for the 25.2% reduction in CH4 seen with
P. freudenreichii. In our study, all treatments reduced CH4 production compared to CON;
however, PB inoculation caused the greatest reduction. Inhibition of ruminal microorganisms
with the supplementation of PUFA, such as linoleic acid and α-linolenic acid, is well
documented (Beauchemin et al., 2009; Maia et al., 2010; Martin et al., 2010) and is
considered to result from a toxic effect on cellulolytic bacteria (Nagaraja et al., 1997) and
protozoa (Doreau and Ferlay, 1995) through disruption of cellular integrity (Maia et al.,
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2007). These microbial changes usually favor a shift in ruminal fermentation towards
propionate, and thus, to a reduction in CH4 production (Martin et al., 2008). Thus, despite
the mode of action of both oil inclusion and propionibacteria in reducing CH4 production
being a preferential increase in the production of propionate over acetate the additive effects
of both oil and propionibacteria on propionate production did not translate into a larger
reduction in CH4.
Lipids rich in unsaturated fatty acids, such as C18 PUFA from FO, can also act as a
hydrogen sink through the biohydrogenation of FA (Johnson and Johnson, 1995). However,
the influence of biohydrogenation on methanogenesis is considered to be low as the
introduction of a double bond into a FA molecule depresses CH4 production by 0.25 ± 0.09
mol/mol (Czerkawski et al., 1966) and the complete hydrogenation of 1 mol of linolenic acid
spares only 0.75 mol of CH4 (Martin et al., 2010). Previous studies have also reported
comparable reductions in CH4 (28.4%; mmol/g of OM fermented) when supplementing FO
(5% DM) to a lactating ewe diet in a RUSITEC (Vargas et al., 2011) or a numerical (13.2%)
reduction in CH4 (mmol/d) after supplementing α-linolenic acid purified from FO (Jalč et al.,
2007), despite no effect on the proportions of individual VFA. Martin et al. (2008) observed
a 48.4% reduction in CH4 (g/kg digested OM) with FO supplementation (5.7% DM) in
lactating Holstein cows fed a diet consisting of corn silage, grass hay and concentrate
(59:6:35, respectively). Other studies have also shown FO can increase propionate
production at the expense of either butyrate (Machmuller et al., 2000) or acetate (Gonthier et
al., 2004; Ueda et al., 2003) without concomitant negative effects on ruminal digestion, but
CH4 production was not reported in these studies.
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Previous studies have reported contrasting effects of FO on ruminal ammonia
concentrations. Doreau et al. (2009) and Benchaar et al. (2012) observed no effects of
inclusion rolled or extruded linseed or linseed oil (up to 4% DM), respectively. In studies
(Broudiscou et al., 1994; Ikwuegbu and Sutton, 1982) where sheep were supplemented with
different levels of FO a decrease in ammonia concentration was reported. Whereas, Ueda et
al. (2003) observed a greater ruminal ammonia concentration in FO supplemented dairy
cows, compared with control cows and Jalč et al. (2007) found that α-linolenic acid reduced
ammonia nitrogen content in RUSITEC effluent. Jalč et al. (2007) also reported an increase
in nitrogen incorporation and efficiency of microbial protein synthesis with α-linolenic acid.
Total microbial protein and microbial protein incorporation increased in all treatments in the
current study, suggesting an increase in the availability of energy for microbial growth. The
lack of effect on ammonia concentrations also suggests that perhaps the bacteria were
utilizing substrates other than ammonia as a nitrogen source for microbial protein synthesis.
Total microbial incorporation was greatest in fermenters inoculated with PB followed by FO
and then control. However, Vargas et al. (2011) did not observe an effect on microbial protein
synthesis with FO supplementation in an artificial rumen system.
4.5.2. Biohydrogenation
Inclusion of linoleic acid in a forage diet, normally results in its isomerization to form
conjugated linoleic acid (rumenic acid), followed by hydrogenation to 18:1 t-11 (vaccenic
acid) and subsequent reduction to 18:0 (stearic acid; Harfoot and Hazlewood, 1997).
However, the high concentrate diet used in the current study resulted in a shift towards an
increased production of CLA t-10, c-12 in the digesta, following PB inoculation.
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Concentrations were however; lower than FO and FOPB diets, suggesting that this shift was
reduced with the addition of PB. Inoculation of diets with propionibacteria, specifically P.
acnes (Devillard and Wallace, 2006), or the supplementation of oil (Roy et al., 2006) have
previously been shown to cause a similar shift in the biohydrogenation of linoleic acid to
CLA t-10, c-12. The inclusion of n-3 FA from extruded linseeds in a corn silage-grain diet
in an artificial rumen also had no effect on the concentration of rumenic acid, yet,
concentrations of CLA t-10, c-12 were higher (Fuentes et al., 2011). This shift has also been
observed in milk fat of lactating Holstein dairy cows with the inclusion of sunflower oil (5
g/kg DM) in a corn silage – concentrate diet (Roy et al., 2006). It has been suggested that an
increase in CLA t-10, c-12 production occurs when the starch content of the diet is increased
as it reduces pH to a level that is more favorable for the proliferation of P. ances and
Megasphaera elsdenni which synthesize CLA t-10, c-12 (Zened et al., 2012). In the current
study, however, starch concentration was higher in the CON diet compared to FO, but as a
buffer of pH 8.2 was continually added to the artificial rumen system, the pH remained
constant (pH 6.85; P = 0.35) across all fermenters potentially accounting for the contradicting
effects of starch in the current study. Similarly, the profile of individual FA in the digesta
reflected that of the CON; except that the proportion of vaccenic acid was reduced by
inoculation of PB. This is an undesirable shift as vaccenic acid is a precursor for CLA c-9, t-
11 in ruminant tissues, well known for its anticarcinogenic and antiatherogenic properties
(Boeckaert et al., 2007; Griinari and Bauman, 1999). As such, PB may be considered to cause
an undesirable shift in the FA profile, albeit a small one.
Although treatments had significant effects on individual biohydrogenation
intermediates and end products, their overall effects on the biohydrogenation of FA were
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considered minor. A small increase in 18:3n-3 with FO and FOPB and small decrease with
CON and PB diets, in addition to an decrease in 18:2n-6 with FO and FOPB were the main
effects observed when comparing diet FA profiles with that of digesta (Fig. 4.1.), indicating
that very little biohydrogenation occurred and was not influenced by PB inoculation in either
diet. However, the changes in 18:3n-3 in the effluent suggest that the conversion of PUFA to
the biohydrogenation end product, stearic acid, was highly efficient, yet neither the
supplementation of flaxseed oil, inoculation with PB or a combination of both, was able to
influence this to any great extent. The limited effects of PB on biohydrogenation of either
digesta or effluent is in contrast with previous studies which have shown P. freudenreichii
ssp. freudenreichii converted 1.6-8.41% and P. freudenreichii ssp. Shermanii converted up
to 50.3% of α-linolenic acid (0.45 mg/mL) to conjugated linolenic acid, depending on the
strain (Hennessy et al., 2012). However, these studies were conducted using pure cultures
with known defined single FA and thus, represent a vastly different scenario to the mixed
ruminal cultures used with complex feeds in the current study. Our study showed an increase
in CLA t-10, c-12 in digesta with all treatments, but a decrease in CLA c-9, t-11 in effluent
with PB and FOPB, this was expected due to the high starch concentrate diet used, which
often causes a shift in the biohydrogenation pathway towards the production of 18:1 t-10.
Similarly, the addition of sunflower oil (9.6 mg/ml sodium lactate media) high in α-linoleic
acid, to a pure culture of P. freudenreichii increased CLA concentrations from 3.41 µg/mL
to 73.9 µg/mL, but inclusion of sunflower oil in excess of 9.6 mg/ml in sodium lactate media
resulted in a severe reduction in CLA production due to the inhibitory properties of the oil
(Wang et al., 2007). The current results contrast with this, as although inoculating the
flaxseed oil diet with P. freudenreichii had limited effects on biohydrogenation, inoculation
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of the control diet with P. freudenreichii showed comparable FA profiles in both effluent and
digesta. Additionally, it is possible that the propionibacteria introduced into the artificial
rumen were unable to successfully integrate into the native microbial population (Vyas et al.,
2014) and thus, declined over time.
4.6. Conclusion
Inoculating barley-based cattle TMR with P. freudenreichii altered ruminal
fermentation in a RUSITEC, such that propionate increased and CH4 was concomitantly
reduced. The addition of flaxseed oil also reduced CH4 production; however, there were no
additive effects of both P. freudenreichii and FO. Similarly, P. freudenreichii did not alter
biohydrogenation of either the control or oil supplemented diets thus, it appears that whilst,
P. freudenreichii is successful at reducing CH4 production; the potential of the strain
examined here seems to be limited in terms of favourably altering the products arising from
the biohydrogenation of FA.
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Tables
Table 4.1. Chemical and fatty acid composition of diets
Control
Flaxseed
Oil
Chemical composition
DM, % 94.7 95.0
Organic matter, % DM 95.7 95.5
Neutral-detergent fibre, % DM 22.0 21.2
Acid-detergent fibre, % DM 7.2 6.1
Crude protein, % DM 11.0 9.1
Starch, % DM 59.9 54.3
Crude fat, % DM 2.7 8.7
Fatty acid, weight % FA
16:0 21.03 7.98
18:0 2.09 2.97
18:1 c-9 15.65 17.95
18:1 c-11 0.33 0.65
18:2n-6 47.77 22.66
18:3n-3 10.78 47.80
SFA 23.05 10.06
UFA 76.95 89.94
MUFA 18.26 19.33
PUFA 58.69 70.61
Abbreviations: SFA, saturated fatty acids; UFA, unsaturated fatty
acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated
fatty acids
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Table 4.2. Effects of including flaxseed oil (FO), P. freudenreichii T54 (PB) or flaxseed
oil and P. freudenreichii T54 (FOPB) to a finishing TMR diet (CON) on CH4 production
and rumen fermentation parameters at 24 h in a RUSITEC
Treatments
CON FO PB FOPB SEM P-value
In vitro DMD, % DM 53.1 52.5 53.2 52.6 2.94 0.26
Gas, mL 1303.8 1277.7 1172.4 1301.1 48.02 0.22
Gas, mL/g DM 130.4 127.8 117.3 130.1 4.64 0.19
Total CH4, mL 14.3a 12.5b 10.1c 12.7b 0.43 <.001
CH4, mL/g DM 1.4a 1.2b 1.02c 1.13b 0.03 <.001
CH4, mL/g DMD 2.6a 2.4b 1.93c 2.34b 0.07 <.001
VFA, mmol/d
Acetic 15.5b 15.6ab 15.1b 16.5a 0.33 0.04
Butyric 4.9 5.4 4.8 5.5 0.23 0.15
Propionic 6.3c 7.2b 7.6ab 8.1a 0.28 <0.001
A:P 2.4a 2.2b 2.0b 2.0b 0.07 <0.001
Total VFA, mmol/d 30.0b 32.6ab 31.3b 34.7a 0.85 0.01
NH3, mM 9.7 9.4 9.6 9.8 0.13 0.21
Total microbial protein, mg 472.9b 598.0a 594.2a 589.6a 11.95 <.001
Total microbial
incorporation N15, µg 1801.1c 2181.9b 2549.9a 2573.4a 68.34 <.001
pH 6.83 6.87 6.84 6.87 0.07 0.35
a-c Least square means with different superscripts differ P < 0.05
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Table 4.3. Effects of including flaxseed oil (FO), P. freudenreichii T54 (PB) or
flaxseed oil and P. freudenreichii T54 (FOPB) to a finishing TMR diet (CON) on the
fatty acid profiles of effluent and feed after 48 h of digestion
Treatments
CON FO PB FOPB SEM P-value
Effluent, % weight
16:0 22.2b 18.1c 24.4a 18.1c 0.40 <0.001
18:0 46.2c 55.2a 43.4d 54.2b 0.32 <0.001
18:1 t-11 1.6b 1.7a 1.6b 1.1a 0.03 <0.001
18:1 c-9 12.9a 9.5c 13.1a 10.2b 0.04 <0.001
18:1 c-15 0.2c 0.4b 0.2c 0.5a 0.01 <0.001
18:2 t-11, c-15 0.2b 0.5a 0.2b 0.5a 0.01 <0.001
18:2n-6 2.9a 1.5b 2.4a 1.3b 0.25 <0.001
18:3n-3 1.2c 1.4b 1.9a 1.5b 0.03 <0.001
CLA c-9, t-11 1.3a 0.5a 1.2b 0.5c 0.01 <0.001
18:1 trans-all 3.9 3.6 3.9 3.8 0.08 0.14
NCDienes from n-31 0.4b 0.9a 0.4b 0.9a 0.03 <0.001
MUFA 17.5a 14.5b 17.7a 15.3b 0.35 <0.001
PUFA 6.7a 5.4b 6.6a 5.5b 0.25 0.004
SFA 75.8b 80.1a 75.6b 79.2a 0.40 <0.001
UFA2 24.2a 19.9b 24.4a 20.8b 0.40 <0.001
Digesta, % weight
16:0 21.0a 8.8b 20.9a 9.1b 0.32 <0.001
18:0 2.2b 3.1a 2.1b 3.1a 0.04 <0.001
18:1 t-11 0.5a 0.3b 0.2c 0.3b 0.01 <0.001
18:1 c-9 15.3b 18.0a 15.3b 18.1a 0.12 <0.001
18:1 c-15 0.8c 1.3a 0.8b 1.3a 0.01 <0.001
18:2 t-11, c-15 0.1 0.1 0.1 0.2 0.01 0.21
18:2n-6 52.0a 24.4b 52.3a 24.2b 0.17 <0.001
18:3n-3 5.5b 42.6a 5.6b 42.1a 0.27 <0.001
CLA c-9, t-11 0.04 0.04 0.04 0.04 0.00 0.45
CLA t-10, c-12 0.005c 0.03a 0.01b 0.03a 0.00 <0.001
18:1 trans-all 0.8b 0.7c 0.6d 0.9a 0.02 <0.001
NCDienes from n-31 0.5a 0.4b 0.5a 0.5a 0.01 0.001
MUFA 18.0b 19.9a 17.8b 20.2a 0.14 <0.001
PUFA 58.2c 67.7a 58.6c 67.1b 0.19 <0.001
SFA 23.8a 12.4b 23.7a 12.7b 0.15 <0.001
UFA2 76.2b 87.6a 76.4b 87.3a 0.15 <0.001
a-c Least square means with different superscripts differ P < 0.05
1 NCDienes: non-conjugated dienes from n-3 (sum of 18:2 c-9, t-13; 18:2 t-8, c-12; 18:2 c-9,
t-12; 18:2 t-8, c-13 and 18:2 t-11, c-15)
2UFA: unsaturated fatty acids
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Chapter 5
Effects of crude glycerin supplementation on wool production, feeding
behaviour and body condition of Merino ewes1
1This chapter was published in full: Meale, S. J., Chaves, A. V., Ding, S., Bush, R. D., and
McAllister, T. A. 2013. Effects of crude glycerin supplementation on wool production,
feeding behaviour and body condition of Merino ewes. J. Anim. Sci. 91: 878-885
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5.1. Abstract
The increasing availability of crude glycerin from the biodiesel industry has led to an interest
in its use as an energy source in ruminant diets. However, its effects on ruminal fermentation
patterns and methane (CH4) production are unclear and there are no reports on the effect of
its inclusion in the diet on wool production or growth of Merino sheep. Thus, the objectives
of this study were to determine the effects of increasing levels of crude glycerin on in
vitro ruminal fermentation and CH4 production and DMI, BW, feeding behaviour, wool
growth and quality in Merino ewes. Crude glycerin (99.2% pure, colourless, odourless,
viscous liquid) replaced whole wheat grain in completely pelleted diets at levels of 0, 6 and
12% DM, in both in vitro and in vivo studies. For in vitro studies, diets were dried and ground
through a 1 mm screen and incubated on two different days for 24 h. Modified McDougal’s
buffer and rumen liquor were mixed 3:1 and gas production and CH4 concentration was
measured after 6, 12 and 24 h of incubation with pH and IVDMD measured at 24 h.
Cumulative gas (mL/g DM) and methane (mL) production was similar (P ≥ 0.35) among
dietary treatments. In vitro DMD (%) increased (P < 0.01) with increasing concentrations of
crude glycerin. For the in vivo study, 39 Merino ewes were randomly assigned to 3 treatments
(n = 13 ewes/treatment). Pelleted diets were available continuously for a 10 wk period
through the use of automatic feeders. Ewes were weighed every 7 d. Wool yield was
determined on mid-side patches of 100 cm2 shorn at d 0 and 70. Dye-bands were used to
determine wool growth and fibre length. Intake and ADG were similar among treatments
(P = 0.59). Neither wool yield, length, spinning fineness or fibre diameter (μm) were affected
following supplementation with crude glycerin (P ≥ 0.13). The current study indicates the
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potential for crude glycerin to be included in the diets of Merino sheep at up to 12% DM
without negatively affecting wool yield and quality.
Key words: methane, Merino ewes, wool production
Running title: Feeding crude glycerin to Merino sheep
5.2. Introduction
Australia is the world’s largest wool exporter, accounting for almost one quarter of
global wool exports (Australian Bureau of Statistics, 2010). Yet, harsh environmental
conditions necessitate dietary supplementation, as nutrients from native pasture are
insufficient for the production of high quality wool (NRC, 2007). Supplementary feeding,
however, is becoming increasingly expensive due to drought and the redirection of grains
from feed to fuel (Food and Agriculture Organisation, 2008; Fung et al., 2010; Leng, 2010).
The few studies that examined the effects of crude glycerin on CH4 production
reported contrasting results. Lee et al. (2011) reported a reduction in in vitro CH4 per unit of
DE. However, Avila et al. (2011) found no effect on either in vitro or in vivo CH4 production
(g/kg digested DM) when glycerol replaced barley grain at up to 21% DM in the diet of
finishing lambs (Avila-Stagno et al., 2013). The use of high-grain diets in these studies may
have lessened the impact of an increase in propionate production on CH4 production when
compared to a forage based diet. Additionally, the effects of including crude glycerin in the
diets of Merino sheep on feeding behaviour and wool production have not yet been examined.
Strategies which have the potential to reduce methanogenesis without compromising animal
performance are of increasing importance.
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We hypothesise that the inclusion of crude glycerin up to 12% in the diet DM fed to
Merino ewes will affect neither animal performance nor wool characteristics. Thus, the
objectives of this study were to examine the effects of crude glycerin on in vitro ruminal
fermentation and CH4 production and to determine the in vivo effects of crude glycerin on
DMI, body condition, feeding behaviour; and wool production and quality in Merino ewes.
5.3. Materials and Methods
All animals used were cared for in accordance with the guidelines of The University
of Sydney Research Integrity Animal Ethics Committee (#N00/5-2010/3/5318).
5.3.1. In Vitro Study
Substrates. A 24 h in vitro batch culture incubation was conducted using a completely
randomized design. The 3 dietary treatments consisted of a wheat based maintenance diet,
supplemented with 0%, 6% or 12% crude glycerin (DM basis; Table 5.1.). Representative
samples of the diets were oven-dried at 55oC for 24 h and ground through a 1 mm sieve
(Micro Hammer Cutter Mills, Glen Creston Limited, London, UK). On the day before
incubation, 0.5 g DM of each diet was weighed into an ANKOM® bag (model F57) with 3
technical replicates per treatment and sealed (Avila et al., 2011). On the day of incubation,
each bag was placed into a 50 mL amber serum bottle with inoculum and sealed with a rubber
stopper. The entire incubation procedure was repeated twice (i.e., 2 incubation runs × 3
replicates per treatment, resulting in a total of 6 replicate vials per treatment).
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Inoculum. Rumen liquor was collected from 3 lactating ruminally fistulated Holstein
Friesian dairy cows maintained on pasture (perennial ryegrass: kikuyu: oats: forage rape at
70%, 10%, 10% and 10% DM basis respectively), supplemented with 6 to 8 kg DM of corn
silage and 6.5 kg protein (18% CP/kg DM) pellets. Rumen fluid was collected 2 h after
feeding from three different sites within the rumen and pooled across the 3 cows. The
composite rumen sample was filtered through 4 layers of cheesecloth into a pre-warmed
Thermos (Thermos PTY Limited, Seven Hills, NSW, Australia) flask and transported
immediately to the laboratory. Inoculum was prepared by mixing rumen fluid and a mineral
buffer with 0.5 mL of cysteine sulphide solution as a reducing agent (Chaves et al., 2006) in
a ratio of 1:3. Inoculum (25 mL) was then transferred into pre-loaded, pre-warmed (39oC)
serum bottles under a stream of O2-free N gas. Serum bottles were sealed and placed on an
orbital shaker (120 oscillations/min) in an incubator set at 39oC. Six bottles without substrate
were also prepared for each time point to serve as blanks.
Determination of Total Gas, Methane Concentration and IVDMD. After 6, 12 and 24
h of incubation, bottles were removed from the incubator for measurement of gas production
using the water displacement technique (Fedorak and Hrudey, 1983). Immediately prior to
gas measurement, 12 mL of headspace gas was collected from each bottle with a 12 mL
syringe and immediately transferred into a 5.9-mL evacuated Exetainer (Labco Ltd., High
Wycombe, Buckinghamshire, UK), which was then analysed for CH4 concentration by gas
chromatography (model 5890, Hewlett Parkard, Little Falls, DE) as described by Chaves et
al. (2006). Methane was expressed as milligrams of CH4/g DM and milligrams of CH4/g of
disappeared incubated DM, and total net gas production as mL/g of incubated DM.
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After gas was sampled for CH4 and gas production was measured at 24 h of
incubation, the fermentation bottles were opened and pH was measured using a pH meter
(Orion Model 260A, Fisher Scientific, Toronto, ON, Canada) calibrated at 39oC. The
ANKOM bags with diet residues were removed from the bottles, rinsed thoroughly with
distilled water, dried at 55°C for 48 h to a constant weight, and weighed to estimate IVDMD.
Determination of VFA. At the beginning of the incubation (0 h) and at 24 h, two
subsamples (1.0 mL) of the culture media from each bottle were transferred to 1.6 mL micro-
centrifuge tubes containing 200 μL of metaphosphoric acid (0.20%; wt/vol), and centrifuged
at 14,000 × g for 10 min at 4oC (Spectrafuse 16M, National Labnet Co., Edison, NJ). The
supernatant was frozen at -20°C until analysed for VFA concentrations using liquid gas
chromatography (Agilent 6890, Series GC with HP injector; hydrogen carrier at 6.2 mL per
minute; initial oven temperature was 100oC for 1 min, final temperature was 240oC, hold 1
min; injector 260oC, detector 265oC; split injection 5:1).
5.3.2. In Vivo Study
Dietary Treatments. The 3 dietary treatments, which were formulated to meet
maintenance requirements of Merino ewes according to the Small Ruminant Nutrition
System Version 1.8.18 (Cannas et al., 2004), were the same as those used in the in vitro
experiment (Table 5.1.). Crude glycerin (99.2% pure) was acquired from a tallow-based
biodiesel production facility (Biodiesel Producers, Barnawartha, Vic, Australia). The 3 diets
were formulated to be isonitrogenous and isolipidic. The diets were mixed and completely
pelleted in batches of 2000 kg in advance for the entire experiment and stored in bags at room
temperature until feeding. An additional 100 g ryegrass hay per head per day was provided
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to meet the daily minimum requirement for physical effective fibre (peNDF > 1.18; 22% of
ration DM to maintain a ruminal pH of 6.0; Mertens, 1997).
Animals, Feeding and Sampling. Thirty-nine Merino ewes (initial BW 37.9 ± 4.41
kg; BCS 2.5 ± 0.41) approximately 3 to 4 years old, were used in a 70 d trial from mid-April
to June conducted on the University of Sydney, Camden campus. All ewes were fitted with
Allflex electronic half duplex identification ear tags (Dallas, Texas, USA) to facilitate the
use of automatic feeders, model ARF (Agricultural Requirements, a division of Lockyer
Investment Co. Pty Ltd located at Crescent Street, Gatton, Queensland, 4343). The ewes were
given a 7 d adjustment period, during which the ewes were acclimatized to the automatic
feeders. All ewes were fed the control diet throughout this period. A 7 d pre-treatment period
followed, in which ewes were stratified by BW and randomly assigned to one of 3 covered
pens, approximately 60 m2 in size, with concrete flooring on half of the pen (i.e. 13
ewes/pen). Diets were available ad libitum for a 10 week period through the use of 9
automatic feeders. Continuous access to ad libitum water was available. Feeders were
suspended on load cells and recorded intake, feeding intervals and duration for each
individual ewe in each of the 3 pens. A TIRIS tag reader in each feeder identified individual
sheep through recognition of the ear tags. Data obtained from the feeders was interpreted
using Adroit 5 Release 4.0, 2002 (Adroit Technologies, Johannesburg, South Africa) which
received the data from the ASCII Basic Module PLC. This allowed recording and
calculations of individual feed intake per visit (g), daily feeding time (min/d), eating rate (g
/min), frequency of feeder visits (visits/day) and the average duration of each visit to the
feeder (min/visit). Daily DMI was calculated from the total amount of DM corrected feed
released by the automatic feeders in all feeding sessions for each ewe. Daily eating rate was
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calculated by dividing daily feed intake by the daily duration that each ewe spent at the
feeder. Individual BW was recorded manually each week. Average daily gains were
calculated by dividing BW gain of the sheep during the experiment (final BW minus initial
BW) by the duration of the trial in days (i.e. 70 d).
Wool Samples and Measurements. Wool samples were sent to Riverina Wool Testers
Pty Ltd (Wagga Wagga, NSW 2650) for analysis. A mid-side patch of approximately 100
cm2 was shorn on the left side of each sheep with clippers (Oster clippers, No. 40 cutting
head, Hattersheim and Main, Germany) at the beginning of the treatment period (d 0). At the
same time, a 5 cm dye band, using Schwarzkopf (Igora-Roya—NF1 Black; Frenchs Forest,
NSW, Australia) hair dye, was applied to the right mid-side of each sheep. Schwarzkopf hair
dye cream was mixed with the activator (Oxigenta 6%) immediately before application and
applied in a thin line at skin level using the applicator provided. At the completion of the
treatment period (d 70), both the mid-side patch and the fleece containing the dye bands were
removed at skin level, using clippers and stored in plastic bags for analysis.
Wool samples from the mid-side patch were weighed to determine the total wool
weight (greasy wool weight) and placed into nylon filter bags. Samples were then washed in
a washing machine using hot water (90oC) and detergent (BD30, Huntington Professional
Products, St-Paul, MN) and rinsed twice in cold water to remove any impurities and wool
grease before being dried in an oven for 4 h at 110°C. The samples were then reweighed at a
humidity of 65% to determine clean wool weight. Wool yield was then calculated by
determining the percentage of clean wool weight relative to greasy fleece weight.
Methodologies of wool fibre diameter (FD; µm), the SD, CV, number of fibres > 30 µm,
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comfort factor (percentage of fibres below 30.5 µm), spinning fineness and curvature
(deg/mm) values of the wool samples are in details described by Charles et al. (2012).
5.3.3. Chemical Analysis
Chemical analyses were performed on each sample in duplicate, and where the CV
for the replicate analysis was > 5%, the analysis was repeated (Table 5.1.). Feed samples
were collected on d 0, 14, 28, 42, 56 and 70. Dry matter content of feed samples was
determined by oven-drying at 100°C for 24 h [method 967.03; Association of Official
Analytical Chemists (AOAC), 1990]. Dried samples were ground to pass a 1 mm screen and
analysed for NDF and ADF using Van Soest et al. (1991) procedures modified for an Ankom
200/220 Fibre Analyser (Ankom Technol. Corp., Fairport, NY, USA), with both heat-stable
α-amylase and sodium sulphite included. Concentrations of NDF and ADF were expressed
inclusive of residual ash. Ash content was determined after 2 h of oxidation at 600°C in a
muffle furnace (method 942.05; AOAC, 1990). Crude protein was calculated as N × 6.25.
Ether extract (EE) content was determined by extraction with diethyl ether (method 920.39;
AOAC, 1990) with the procedure modified for an Ankom XT10 Extraction System (Ankom
Technol. Corp., Fairport, NY, USA). Non-fibrous carbohydrate (NFC; Mertens, 1997) was
calculated as:
NFC (% in DM) = 100 – (CP + NDF + EE + ash).
Analytical DM was determined by drying the ground samples at 100°C for 2 h (method
930.05; AOAC, 1990). All samples were weighed using a hot weighing technique.
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5.3.4. Statistical Analysis
For the in vitro study, the 3 replicate bags were averaged before statistical analysis.
The data were analysed as a completely randomized design using PROC MIXED (SAS,
2012) with treatment in the model as fixed effects. The run by treatment interaction was used
as the error term to test the treatment effect. The univariate procedure of SAS was used to
test for normal distribution of the in vitro data.
In the in vivo study, the raw data obtained from the automatic feeders was refined to
remove significant outliers greater than 2 standard deviations from the mean and
measurement errors. Data was then summarized to total daily feed intake (g), average daily
feed intake (g), frequency of feeder visits (visits per day, n), intake per visit (g), eating time
(min/day), eating rate (g/min) and duration of visit (seconds). Intake data and behavioural
parameters were analysed as a completely randomized design using the proc MIXED
procedure of SAS (2012). Means were compared using the LSMEANS/DIFF with treatment,
week and the interaction of treatment × wk as fixed terms; lambs nested within treatment as
a random effect and week as a repeated measure. Compound symmetry was used as the
covariance structure for repeated measures analysis because it demonstrated the minimum
values of Akaike’s Information Criterion. The REML method was used for estimating the
variance components, and degrees of freedom were adjusted using the Kenward-Roger
option. Wool data, ADG, initial and final LW were analysed using a model similar to that
described above, but excluding week as a repeated measure. Initial sheep BW was used as a
covariate.
For both in vitro and in vivo studies, orthogonal polynomial contrasts were used to
determine linear and quadratic responses to increasing concentrations of crude glycerin
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incorporation. Unless otherwise specified, treatment effects were declared significant when
P ≤ 0.05 and a trend considered when 0.05 < P < 0.10.
5.4. Results and Discussion
5.4.1. In Vitro Study
Gas Production and DM Disappearance. Increasing concentrations of crude glycerin
in the diet had no effect on gas production (mL) at any time point or cumulative gas
production (mL/g DM) at 24 h (P ≥ 0.41; Table 5.2.). This is similar to a study by Avila et
al. (2011) where glycerol concentrations up to 21% DM had no effect on cumulative gas
production (mL/g DM). Conversely, the addition of pure glycerol to alfalfa or corn has been
shown to reduce gas production (Ferraro et al., 2009; Lee et al., 2011). In contrast, the
inclusion of glycerol to alfalfa hay at up to 40% DM resulted in a linear increase in in vitro
gas production (Krueger et al., 2010), potentially a result of the contrasting chemical
composition between forages and grain.
In vitro DMD increased linearly (P < 0.01) with increasing concentrations of dietary
crude glycerin. An increase in digestibility was expected as glycerol, a completely digestible
compound, replaced wheat, which is not entirely digestibly. Similarly, glycerol provides less
ATP from microbial growth than carbohydrates, and therefore, the amount of microbial
resides may have also been smaller in comparison with the control diet. It is noted that the
difference in IVDMD observed in the current study may also be a reflection of the ability of
crude glycerin to penetrate through the pores of the nylon bags, rather than a measurement
of its digestion; however, the methods used were similar to that of Avila et al. (2011), who
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reported no such effects. Comparatively, a lack of effect of glycerol on total-tract digestibility
of DM, OM, N, and NDF (Khalili et al., 1997), as well as in vitro (Avila et al., 2011) and in
vivo (Schröder and Südekum, 1999; Krueger et al., 2010) nutrient digestibility, has been
reported. Similarly, Rémond et al. (1993) found no differences in OM digestibility when
glycerol was added to a wheat starch substrate but found that digestibility increased when the
substrate was cellulose, indicating that the inclusion of glycerol in cellulose-based diets will
most likely enhance digestibility, whereas the replacement of starch with glycerol, appears
to have no effect on potential digestibly.
Fermentation Characteristics and Methane Production. In contrast to previous
studies (Mach et al., 2009; Wang et al., 2009), replacing increasing concentrations of wheat
grain with crude glycerin in the current study, had a tendency to decrease pH (P = 0.07) or
total VFA (mM; P = 0.905). Although ruminal fermentation of carbohydrates favours
production of propionate, there is no obligation for glycerin to be preferentially fermented to
propionate, as a carbon can be oxidised and subsequent conversion to acetate can occur. This
was evident in the current study, where no effect was observed on either the molar proportion
of acetate or propionate, at any level of crude glycerin inclusion (P ≥ 0.10; Table 5.2.).
Likewise, no effect on cumulative CH4 production (mL) or CH4 production expressed as
either millilitres per gram DM or millilitres per gram disappeared incubated DM was
observed (P ≥ 0.42). Avila-Stagno et al. (2013) also reported no effect of glycerol inclusion
at up to 21% DM on CH4 emissions (expressed as mL/g digested DM) from lambs and
concluded that the low NDF concentration of the diets may have influenced this result.
Conversely, Lee et al. (2011) observed a reduction of the A:P ratio, with an associated
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reduction in in vitro CH4 production following the supplementation of alfalfa hay and corn
grain with glycerin, suggesting that although the fermentation of glycerin does not
necessarily result in the formation of a H2 sink, its ability to promote a shift in carbohydrate
fermentation from the production of acetate to propionate may affect the overall electron
balance in the rumen and reduce the availability of hydrogen for CH4 formation.
The lack of effect on the proportion of butyrate is consistent with other in vitro
(Krueger et al., 2010) and in vivo (DeFrain et al., 2004; Mach et al., 2009) studies.
Conversely, Rémond et al. (1993) indicated that the molar proportion of butyrate is greater
in fermenters fed starch based diets vs. those fed cellulose, indicating that the effect glycerin
on the end product of fermentation is largely determined by dietary composition (Trabue et
al., 2007; Khalili et al., 1997).
5.4.2. In Vivo Study
Production Performance. There was no effect of dietary treatment on DMI or ADG
(P = 0.59; Table 5.3.). Similarly, neither initial BW nor final BW differed (P ≥ 0.82). The
lack of effect on performance characteristics in the current study is likely because Merino
sheep are selectively bred for wool production rather than growth performance. Thus, it was
expected that changes in available ME and protein of the diet would have been utilized for
the development of wool fibres rather than growth, and therefore, large variations in
traditional production performance parameters were not observed (NRC, 2007). Similarly,
the ewes in the current study were at a mature age and it was not expected that large variations
in growth or ADG would be observed. However, a 22 to 25% increase in BW was observed
across all groups, this could be attributed to the shift in diet from grazing pre-trial to a
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concentrate-based trial diet. According to the estimation given by the Small Ruminant
Nutrition System (SRNS) Version 1.8.11 report (data not presented) all dietary treatments
provided ME approximately 25% above maintenance, which is in agreement with the
increase in ADG. Previous studies have indicated that including up to 15% DM crude
glycerol in the diets of finishing wethers can improve feedlot performance (DMI, G:F and
ADG), particularly in the first 14 d, but feeding in excess of 30% negatively effects both
growth and carcass quality (Gunn et al., 2010a; Gunn et al., 2010b) and feeding up to 45%
DM causes a linear decrease in DMI (Musselman et al., 2008; Gunn et al., 2010b).
Feeding Behaviour. Daily eating time (min/d) decreased (P = 0.04) with the inclusion
of crude glycerin. There was a tendency (P = 0.07) of eating rate (g/min) to increase with
crude glycerin supplementation. However, the number of daily visits to the feeder, the
duration of each visit (s) and intake per visit was similar among treatments (P ≥ 0.35; Table
5.4.). Animals supplemented with crude glycerin spent less time eating than the control
group; however, these ewes did not consume less as a result. There is a paucity of information
regarding sheep feeding behaviour when supplemented with crude glycerin, yet previous
studies which examined DMI reported no changes when crude glycerol replaced rapidly
fermentable starch in diets fed to dairy cattle and sheep up to 10% DM (Schröder and
Südekum, 1999), or dry rolled corn up to 20% DM in lamb diets (Gunn et al., 2010b).
Wool Production. A strong positive, linear relationship exists between DMI and wool
growth rates in sheep (Hynd and Masters, 2002; Rangel and Gardiner, 2009). The nature of
this relationship is largely dependent on the supply of AA and energy substrates to the wool
follicle, the genetic potential of the animals, and the methodology used to measure wool
growth (Hynd and Masters, 2002). In the current study, similar DMI and chemical
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composition of the diets may account for the uniformity observed in fibre length across
treatments (P = 0.82; Table 5.5.). Similarly, wool yield, curvature and comfort factor
(percentage of fibres below 30.5 µm) were not affected by dietary treatment (P ≥ 0.23).
The predominant energy substrates available to the follicle appear to be glucose and
glutamine whereas, acetate fails to maintain fibre growth (Hynd and Masters, 2002). As
glycerol can be fermented to propionate, a gluconeogenic precursor (Donkin et al., 2009),
there is the potential for glycerol to increase energy availability to wool follicles. However,
no effects on wool length were observed following the dietary supplementation of crude
glycerin in the current study, considered to be a result of the isonitrogenous and isolipidic
nature of the dietary treatments. Similarly, a study by Kempton et al. (1978) found no effects
on the rate of wool growth when lambs were given access to glucose (at up to 80 g/d) through
a suckling bottle. Aitchison et al. (1989a) supplemented diets of mature Merino wethers with
avoparcin and lasalocid and observed a similar shift towards the preferential production of
propionate. However, no effects on wool production or BW change were reported.
Wool produced in the current study was classed as superfine wool, as the FD was
between 15 and 18.75 µm (Australian Wool Corporation, 1990) and did not differ across
dietary treatments (P = 0.13). Fibre diameter is a major determinant of wool quality and price
and is usually influenced by nutrition in a similar manner to fibre length, such that the ratio
of fibre length to FD is generally constant in sheep housed in pens as they are provided with
a consistent supply of the same diet (Aitchison et al., 1989b; Schlink et al., 1999). As such,
the lack of effect of crude glycerin on FD is consistent with prior notions of the relationship
between DMI and wool production.
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5.5. Conclusion
Substituting wheat grain with crude glycerin at 12% DM in the diets of Merino ewes
had no effect on in vitro CH4 production expressed as either millilitres per gram DM or
millilitres per gram disappeared incubated DM, yet a linear increase in IVDMD was observed
with crude glycerin inclusion. Similarly, DMI, BW, and wool yield and production
characteristics were not affected by the inclusion of crude glycerin in the diet DM, providing
support for our initial hypothesis. Therefore, it can be suggested that crude glycerin may be
successfully included in the diets of Merino sheep at up to 12% DM without negatively
affecting wool yield or quality. Further research and long-term studies should be conducted
to validate the effects of supplementing greater levels of crude glycerin on wool production
and to determine the optimal feeding rates in sheep.
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Tables
Table 5.1. Ingredients and chemical composition of dietary treatments (n = 3; mean ±
SEM)
Crude glycerin, % DM
Item 0 6 12 Ryegrass Hay
Ingredients, %
Crude glycerin1 0.00 6.00 12.00
Dry rolled wheat 49.95 40.35 30.00
Canola meal 7.00 8.50 10.65
Faba bean hulls 22.0 24.0 26.0
Molasses dried 2.50 2.50 2.50
Oat hulls 15.9 15.9 15.9
Canola oil 0.00 0.10 0.20
Calcium carbonate 1.10 1.10 1.10
Sheep mineral 1.20 1.20 1.20
Ammonium chloride 0.30 0.30 0.40
Vitamin ADE complex 0.02 0.02 0.02
Chemical composition
DM, % 90.1 ± 0.4 90.3 ± 0.4 91.3 ± 1.1 90.5 ± 0.8
CP, % DM 12.6 ±1.6 11.5 ± 0.1 11.9 ± 0.4 5.29 ± 0.9
NDF, % DM 33.6 ± 2.4 28.6 ± 1.8 28.0 ± 0.4 74.6 ± 2.9
Ether extract, % DM 4.19 ± 1.9 4.80 ± 0.7 4.67 ± 0.2 3.42 ± 2.6
NFC2, % DM 42.1 ± 1.7 47.8 ± 2.4 48.9 ± 0.7 11.0 ± 3.8
Ash, % DM 7.53 ± 0.7 7.36 ± 1.1 6.65 ± 0.3 5.69 ± 1.7
1Colorless, odourless, viscous liquid obtained from Biodiesel Producers,
Barnawartha, Victoria.
2NFC, non-fibrous carbohydrates [NFC = 100 - (CP + NDF + EE + ash)].
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Table 5.2. Effect of glycerin supplementation (0, 6 and 12% DM) on in vitro ruminal
fermentation characteristics and methane production
Crude glycerin content, %
DM P-value
0 6 12 SEM T Lin Q
Gas production, mL
6 h 23.7 24.8 23.9 6.28 0.41 0.80 0.24
12 h 19.0 19.2 19.8 2.05 0.82 0.59 0.88
24 h 19.2 19.5 19.5 0.76 0.92 0.75 0.86
Cumulative gas, mL 61.9 63.5 63.2 3.91 0.63 0.49 0.56
Cumulative gas, mL/g
DM
121.
2
125.
8
124.
9 7.36 0.35 0.28 0.34
IVDMD, % 66.8 73.8 78.3 2.50 <0.01 <0.01 0.20
pH 5.59 5.45 5.41 0.131 0.07 0.04 0.27
Total VFA, mM 127.1
132.
4
132.
9
10.0
7 0.27 0.17 0.42
Acetate (A), % 46.9 45.3 42.9 2.68 0.24 0.13 0.78
Propionate (P), % 30.1 32.3 33.4 2.28 0.10 0.05 0.48
Butyrate, % 15.6 14.9 15.6 1.13 0.77 0.99 0.52
BCVFA, %1 3.4 3.2 3.2 0.15 0.63 0.49 0.57
Valerate, % 3.4 3.6 4.2 1.03 0.20 0.11 0.59
Caproic acid, % 0.6 0.5 0.7 0.15 0.47 0.34 0.49
A:P 1.56 1.40 1.28 0.180 0.09 0.04 0.64
CH4, mL
6 h 1.3 1.1 0.8 1.10 0.51 0.30 0.96
12 h 1.5 1.4 1.3 0.61 0.55 0.33 0.92
24 h 2.1 2.0 2.0 0.54 0.42 0.24 0.76
Cumulative CH4, mL 4.8 4.5 4.1 0.46 0.66 0.42 0.98
Cumulative CH4, mL/g
DM 9.4 8.9 8.2 0.85 0.66 0.42 0.93
Cumulative CH4, mL/g
disappeared incubated
DM
14.1 12.1 10.1 1.68 0.39 0.22 0.98
1BCVFA, branched-chain volatile fatty acids (iso-valerate + iso-butyrate).
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Table 5.3. Effect of increasing concentrations of glycerin in the diet on Merino ewe
performance (n = 13)
Crude glycerin, % DM P-value
0 6 12 SEM T Lin Q
Initial BW, kg 35.7 36.5 35.6 1.32 0.90 0.97 0.65
Final BW, kg 43.6 44.7 44.4 1.72 0.82 0.53 0.91
DMI, g/d 1058 994 972 61.4 0.59 0.32 0.77
ADG, g 114 118 137 16.7 0.59 0.34 0.72
Table 5.4. Effect of increasing crude glycerin concentration (0, 6 and 12% DM) in the
diet on the feeding behaviour of Merino ewes
Crude glycerin, % DM P-value
0 6 12 SEM T Lin Q
Eating time, min/d 49.4 42.1 37.0 3.14 0.04 0.01 0.67
Eating rate, g/min 22.3 25.2 27.3 1.65 0.07 0.06 0.17
Visits per day, n 82.0 71.8 69.9 6.71 0.35 0.51 0.21
Duration of visit, sec 45.0 47.4 43.6 7.99 0.94 0.91 0.75
Intake per visit, g 14.4 17.1 16.2 1.40 0.37 0.36 0.28
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Table 5.5. Effects of increasing concentrations of glycerin in the diet on Merino wool
yield and quality characteristics (n = 13)
Crude glycerin, %
DM P-value
0 6 12 SEM T Lin Q
Yield, % 76.8 75.5 75.9 0.94 0.23 0.94 0.09
Length, cm 1.6 1.7 1.7 0.07 0.82 0.56 0.80
FD1, µm 17.1 16.5 16.9 0.24 0.13 0.07 0.35
FDSD2, µm 2.8 2.5 2.6 0.08 0.28 0.12 0.73
FDCV3, % 16.1 15.3 15.5 0.41 0.83 0.55 0.98
Fibres > 30.5mm, % 0.3 0.3 0.3 0.04 0.54 0.27 0.96
Comfort Factor, % 99.7 99.7 99.7 0.04 0.54 0.27 0.96
Curvature, deg/mm 133.9 134.7 127.9 3.50 0.70 0.70 0.45
Spinning Fineness, µm 16.0 15.4 15.7 0.23 0.09 0.05 0.33
1FD, fibre diameter.
2FDSD, fibre diameter standard deviation.
3FDCV, fibre diameter coefficient of variation.
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Chapter 6
Effect of concentrate diets contrasting in fatty acid profiles on lamb
performance, carcass characteristics, fatty acid composition and wool
production1
1This chapter has been submitted and is currently being reviewed: Meale, S. J., Chaves, A.
V., He, M. L., Guan, L. L., McAllister T. A. 2014. Effect of concentrate diets contrasting
in fatty acid profiles on lamb performance, carcass characteristics, fatty acid
composition and wool production. Meat Sci.
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6.1. Abstract
Increasing the n-3 fatty acid (FA) content of ruminant tissues requires the inclusion of dietary
lipids that contain unsaturated FA capable of withstanding ruminal biohydrogenation. Tasco®
(Ascophyllum Nodosum; TA; 2% DM) was compared to canola (CO), flax (FO) and safflower
oils (SO) for effects on performance, FA profiles of skirt muscle, subcutaneous and perirenal
adipose tissues of Canadian Arcott lambs. No effects were observed on intake, growth or
carcass characteristics. An increase (P < 0.05) in staple strength of CO lambs was the only
effect observed in wool. Flax oil increased total n-3 and decreased the n-6/n-3 ratio in tissue
FA profiles (P < 0.001) in comparison to other diets. Tasco® increased (P ≤ 0.002)
SFA/PUFA in all tissues, whereas concentrations of CLA c-9, t-11 were highest with SO in
all tissues (P ≤ 0.014), compared to other diets. These results suggest Tasco®
supplementation did not improve the FA profile of lamb tissues compared to other dietary
lipids.
Key words: fatty acids, lambs, micro-algae, production performance, wool
6.2. Introduction
Knowledge of the health benefits associated with the consumption of n-3 PUFA has
led to the selective inclusion of dietary lipids in ruminant diets (Givens & Gibbs, 2008).
Traditionally, attempts to favourably alter the fatty acid (FA) composition of ruminant meat
and milk involved the inclusion of free oil or oilseeds high in linoleic and α-linolenic acids.
However, due to the highly reduced nature of the rumen environment, these FA undergo
109
biohydrogenation, and are subsequently deposited in tissues in a more saturated form
(Harfoot & Hazlewood, 1988). As the consumption of high SFA/PUFA is considered a major
risk factor for cardiovascular disease (Department of Health, 1994; Enser, et al., 1996), there
has been a push to reduce the dietary consumption of SFA and increase n-3, thus reducing
the n-6/n-3 in meat (Wachira, et al., 2000). This desire has prompted investigations into new
lipid sources capable of withstanding ruminal biohydrogenation and thus, producing
ruminant products with a desirable FA composition.
Tasco®, a commercial algal product manufactured from the brown alga Ascophyllum
nodosum, has been shown to improve production performance and carcass characteristics of
cattle (Braden, et al., 2007) and extend the retail display shelf life of beef (Allen, et al., 2001;
Braden, et al., 2007; Montgomery, et al., 2001; Saker, et al., 2001). Previous work examining
micro-algae suggests it undergoes minimal biohydrogenation in comparison to oil and
oilseed supplements (Ashes, et al., 1992; Chilliard, et al., 2000). Previous studies have
investigated the use of other algae species to improve long chain n-3 FA content of lamb
meat (Meale et al., 2014; Ponnampalam et al., 2014) and adipose tissue (Meale et al., 2014)
and reduce the concentration of SFA and increased n-3 FA in rumen fluid of cattle (Boeckaert
et al., 2007a) suggesting it undergoes minimal biohydrogenation compared to oil and oilseed
supplements (Meale et al., 2014). Although such an increase in the n-3 concentration of meat
or adipose tissue is not expected with Tasco® supplementation due to its low fat and n-3
contents, previous work in our laboratory showed this algae is high in phlorotannins.
Phlorotannins are found only in brown algae and exhibit antimicrobial activity against a
number of bacterial species (Wang et al., 2008). For example, inclusion of phlorotannins
from A. nodosum reduced the population of R. albus (Wang et al., 2009), a primary bacterial
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species involved in the biohydrogenation of linoleic acid (Harfoot and Hazlewood, 1997).
Additionally, tannins have been shown to inhibit the biohydrogenation of vaccenic acid to
stearic acid in the rumen (Vasta et al., 2009), thus, it is possible that the phlorotannins in A.
nodosum could contribute to an accumulation of vaccenic acid and a favourable shift in the
FA profile of lamb. Thus, the objectives of this study were to examine the effects of replacing
lipid supplements commonly included in lamb diets (canola oil, flax oil and safflower oil)
with Tasco® on production and carcass characteristics, FA profiles of skirt muscle and
subcutaneous and visceral adipose tissues and wool yield and quality characteristics of
Canadian Arcott lambs. To our knowledge this is the first study to examine its effects on the
FA composition of lamb tissues and wool production.
6.3. Materials and Methods
All lambs were cared for in accordance with the guidelines of the Canadian Council
on Animal Care (1993), protocol #1233 approved by the Lethbridge Research Centre Animal
Care Committee.
6.3.1. Animals, Feeding and Sampling
Fifty-six Canadian Arcott ewe and ram lambs were weighed (LW; 23.3 ± 1.26 kg)
and randomly assigned to one of the four diets (n = 14/diet). Lambs were housed in individual
pens (0.97 × 2.82 m) within a closed barn. Complete pelleted barley-based finishing diets
were supplemented with 1) 2% Canola oil (CO), 2% Flax oil (FO), 3) 2% high-linoleic
Safflower oil (SO) or 4) 2% Tasco® (TA; DM basis; Table 6.1.). Canola oil (CO) was
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purchased from ADM Alliance Nutrition Inc. (Quincy, Illinois). High-linoleic acid (> 70%)
safflower oil (SO) was purchased from Jedwards International Inc. (Quincy, MA). Tasco®
algal meal (TA) was produced from the brown algae A. nodosum by Acadian Seaplants Ltd.
(Dartmouth, NS, Canada). Treatments were formulated to be isolipidic and isofibrous
according to the Small Ruminant Nutrition System (Cannas, et al., 2004). Lambs were given
a 14 d adjustment period to both the inclusion of oil in the diet and the consumption of
complete pelleted diets. Experimental diets were offered at 0900 h each day for the duration
of the trial, from mid-December to April, with water freely available.
6.3.2. Feed Intake and Gain
Feed deliveries were recorded daily, with orts collected daily and weighed weekly for
determination of weekly DMI. Daily DMI by each lamb was estimated by summing weekly
intake and dividing by seven, where DM content of feed was determined by oven-drying feed
samples collected on d 7 and d 112, at 55°C for 48 h. Individual LW was recorded at weekly
intervals and average daily gain (ADG) was determined by dividing weight gain (initial LW
− final LW) by the number of days in the study. Feed conversion was calculated as the ratio
between ADG and DMI (g of LW gain/g of DMI).
6.3.3. Slaughter and Tissue Sample Collection
Lambs were slaughtered at a live weight of ≥ 45 kg, in two lots (d 84 and 119) at a
commercial abattoir (SunGold Meats Ltd., Innisfail, AB, Canada). Equal numbers of lambs
from each treatment were included in each of the two lots. Within 5 min of exsanguination,
whole, un-trimmed subcutaneous (tail fat; SAT) and perirenal (PAT) adipose tissue and skirt
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muscle (SM; ~ 10 g each) were collected from each lamb. The samples were snap-frozen in
liquid nitrogen and stored at -80°C until analysed for FA. Immediately following slaughter,
pH of rumen contents was also recorded using a pH meter (Orion Model 260A, Fisher
Scientific, Toronto, ON, Canada) calibrated at 39°C. Hot carcass weights (HCW) were
recorded and grade rule (body wall thickness, mm) was determined from the total tissue depth
of the carcass between the 12th and 13th rib, 11 cm from the carcass midline. Muscle scores,
an assessment of the muscularity of the lamb carcass were estimated at the shoulder, loin and
hind leg. Muscle scores ranged from 1 (extremely poor) to 5 (extremely good); individual
muscle scores greater than or equal to 2.0 and total average muscle scores greater than or
equal to 2.6 qualified the carcass as AAA quality according to the Canadian Lamb and
Mutton Carcass Grading Regulations (Agriculture and Marketing Act R.S.N.S. c. 6, s. 166,
1989). The classification of AAA indicates excellent muscling, fine textured flesh with a pink
to light red colour and firm, white external and internal fat. Carcass value ($/kg) was
calculated as the base value of lamb at the time of slaughter (as determined by the market)
multiplied by the HCW of the lamb, with the total divided by an index value. Index values
for each lamb were determined by a trained individual at the abattoir as a reflection of the
muscle scores and body wall thickness, where higher body wall thickness and muscle scores
resulted in a higher index value and thus, a higher carcass value. The carcass value was then
divided by the HCW to give a value per kilogram.
6.3.4. Fatty Acid Analysis
Lipid Extraction. Lipids were extracted from adipose tissue and muscle samples after
tissues were freeze dried, followed by homogenization (PRO 250, PRO Scientific Inc.
Oxford, CT, USA). A subsample of each tissue (2 g) was transferred to a folded filter paper
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(125 mm, Whatman, No. 1). For the SM, external fat was removed from the tissue prior to
homogenization. Fatty acids were extracted with diethyl ether (Sigma- Aldrich
CHROMASOLV@, St. Louis, Mo, USA) using a Goldfisch Apparatus (Laboratory
construction Co., Kansas City, Mo. USA) as described by Mir et al. (2003) with the exception
that all fat was extracted after 4 to 5 h. Residual extracted lipids were rinsed with ether and
stored at -20°C for methylation and determination of FA. Diet samples were ground to pass
a 1-mm screen (Micro Hammer Cutter Mills, Glen Creston Limited, London, UK) and
weighed (2 g) into filter paper bags, extraction was conducted with diethyl ether for a
minimum of 4 h as for tissue samples.
Methylation and Determination of Fatty Acids. A combined base/acid methylation
method (Kramer, et al., 1997) with modifications as described by (He, et al., 2009) was used
for FA analysis. Nonadecanoic acid (19:0) methyl ester (100 mL, 5.96 mg/mL hexane Nu-
Chek Prep, Inc., MN, USA) was used as an internal standard with 2 mL of sodium methoxide
(0.5 mmol/L in methanol) added to each tube. The tubes were flushed with nitrogen and
mixed using a vortex and placed in a water bath at 50oC. After 10 min, 1 mL of boron
trifluoride (14% in methanol) was added and tubes were reheated at 50oC for an additional
10 min. After cooling, 5 mL of water and 2 mL hexane were added to each tube and the
mixture vortexed. Samples were allowed to stand for 10 min with the upper layer (hexane)
transferred to a GC vial flushed with nitrogen for FA determination. Fatty acid methyl esters
(FAME) were quantified using a gas chromatograph (Hewlett Packard GC System 6890;
Mississauga, ON) equipped with a flame ionization detector and SP-2560 fused silica
capillary column (75 m × 0.18 mm × 0.14 μm; Supelco Inc., Oakville, Ontario, Canada; He
114
et al., 2012). To obtain FA profiles, hexane extracts (1 μL) were injected using a 20:1 split.
The initial oven temperature (55ºC) was held for 5 min, increased by 15ºC/min to 155ºC,
held for 56 min, and increased at 10ºC/min to 240ºC at which point it was allowed to stand
for an additional 15 min. Hydrogen was used as the carrier gas (head pressure 16.3 psi and
flow rate of 0.3 mL/min) and helium as the make-up gas (10 mL/min). Peaks of 18:0, 18:1 t-
10-11, 18:1 c-9, 18:1 c-11, 18:1 c-15, 18:2 t-11, c-15, CLA c-9, t-11 and CLA t-10, c-12,
20:5, 22:5 and 22:6 in chromatograms were identified and quantified using pure methyl ester
standards (Sigma-Aldrich Inc.) along with comparison with relative retention times of
previous reports (Cruz-Hernandez, et al., 2004; He, et al., 2012; Ratnayake, 2004).
6.3.5. Wool Samples and Measurements
A mid-side patch of approximately 100 cm2 was shorn on the left side of each sheep
with clippers (Oster clippers, No. 40 cutting head, Hattersheimam Main, Germany) at the
beginning of the treatment period (d 0). At the same time, a 5 cm dye band, using
Schwarzkopf® (Igora-Roya—NF1 Black; Frenchs Forest, NSW, Australia) hair dye, was
applied to the right mid-side of each lamb. Schwarzkopf® hair dye cream was mixed with the
activator (Oxigenta 6%) immediately before application and applied in a thin line at skin
level using the applicator provided. At the completion of the experiment (d 84 and d 119),
both the mid-side patch and the fleece containing the dye bands were clipped at skin level
and stored in plastic bags.
Wool samples from the mid-side patch were weighed to determine total wool weight
(greasy wool weight) and placed into nylon filter bags. Samples were then washed in a
washing machine using hot water (90oC) and detergent (BD30, Huntington Professional
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Products, St-Paul, MN) and rinsed twice in cold water to remove any impurities and wool
grease before drying in an oven for 4 h at 110°C. The samples were then reweighed at 65%
relative humidity to determine clean wool weight. Wool yield was then calculated by
determining the percentage of clean wool weight relative to greasy fleece weight.
Wool samples were sent to Riverina Wool Testers Pty Ltd (Wagga Wagga, NSW,
Australia) for analysis. Wool fiber diameter (FD; m), the standard deviation (SD),
coefficient of variation (CV), number of fibres > 30 m, comfort factor (percentage of fibres
below 30.5 m), spinning fineness and curvature (deg/mm) wool were determined as
described by Charles et al. (2012).
6.3.6. Chemical Analysis of Feed
Chemical analyses were performed on each sample in duplicate, and where the CV
for the replicate analysis was 5% the analysis was repeated (Table 6.1.). Dry matter content
of feed samples was determined by oven-drying at 55°C for 48 h. Dried samples were ground
through a 1-mm screen and analysed for NDF and ADF as described by Van Soest et al.
(1991), modified for an Ankom 200/220 Fiber Analyser (Ankom Technol. Corp., Fairport,
NY, USA). Both heat-stable α-amylase and sodium sulphide were included in the NDF
analyses and expressed inclusive of residual ash. Ash content was determined after 2 h of
oxidation at 600°C in a muffle furnace [method 942.05; Association of Official Analytical
Chemists (AOAC), 1990]. To determine CP (%N × 6.25), feed samples were ground to a ﬁne
powder using a ball grinder (Mixer Mill MM200; Retsch Inc., Newtown, PA). Nitrogen was
quantiﬁed by flash combustion with gas chromatography and thermal conductivity detection
(Nitrogen Analyser 1500 series; Carlo Erba Instruments, Milan, Italy). Ether extract (EE)
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was determined by extraction with diethyl ether as described for lipid extraction. Non-fibrous
carbohydrate (NFC) was calculated as:
NFC = 100 - [CP + NDF + EE + ASH] (Mertens, 2002).
Analytical DM was determined by drying ground samples at 100°C for 2 h [method 930.05;
AOAC, 1990]. All samples were weighed using a hot weighing technique.
6.3.7. Statistical Analysis
Dry matter intake, ADG and feed efficiency were analysed as a completely
randomized design using the proc MIXED procedure of SAS (2013). Means were compared
using the LSMEANS/DIFF with treatment as fixed terms; lambs nested within treatment as
a random effect. Week was included as a repeated measure for DMI. Repeated measures
analyses with the minimum values of AIC (Akaike’s Information Criterion) were used for
selection of covariance structure.
Wool, carcass characteristics and FA data were analysed using a model similar to that
described above, excluding week as a repeated measure. Initial sheep weight was used as a
covariate. Unless otherwise specified, treatment effects were declared significant when P <
0.05.
6.4. Results
6.4.1. Dietary Chemical Composition and Fatty Acid Profiles
Chemical composition of the four diets was similar (Table 6.1.) with dietary FA
profiles presented in Table 6.2. Flax oil had the highest, whereas TA had the lowest level of
α-linolenic acid (18:3n-3) as compared to other diets. The SO diet had the highest linoleic
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acid (18:2n-6) content of all diets. Concentrations of EPA (g/100 g total FAME) were higher
in SO compared to all other diets. However, DHA concentrations were similar across all
diets. The n-3 FA content of the diet was highest in FO followed by SO which were higher
than that of the CO and TA diets (Table 6.2.).
6.4.2. Intake and Animal Production Performance
Initial live weight was similar across all treatments (23.3 ± 1.26 kg LW; P > 0.05:
Table 6.3.) and there were no effects of dietary lipids on DMI (g/d), ADG (g) or feed
conversion (g LW gain/g DMI; P ≥ 0.183). Final BW did not differ (P=0.91) as lambs were
selectively slaughtered at a LW of ≥ 45 kg to obtain the carcass weight requ ired to meet
market demands (20-25 kg). No effects were observed on carcass characteristics, rumen pH
or liver weight (P ≥ 0.35; Table 6.3.).
6.4.3. Fatty Acid Profile of Skirt Muscle
Accumulation of 18:1 t-10 in skirt muscle was lower in lambs fed TA than in those
fed all other diets (P < 0.001; Table 6.4.). Concentrations of 18:1 c-11 were lower in SO and
TA fed lambs compared to those fed CO (P = 0.048). Lambs fed FO had the highest
accumulation of 18:2 t-11, c-15 in skirt muscle, whereas TA fed lambs had the lowest (P <
0.001). Concentrations of 18:3n-3 was highest (P < 0.001) in lambs fed FO in comparison to
all other diets. Accumulation of DPA was highest in skirt muscle of lambs fed FO and TA
compared to SO lambs, which had the lowest (P = 0.03). However, concentrations of DHA
were higher (P = 0.03) in SO than FO. Total n-3 was highest in skirt muscle of FO fed lambs
compared to all other diets and lowest in SO lambs (P < 0.001). Correspondingly, the n-6/n-
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3 ratio in skirt muscle was ranked SO > CO = TA > FO (P > 0.001). Accumulation of CLA
c-9, t-11 was higher (P = 0.02) in lambs fed SO than TA and CO, which were similar (P >
0.05). Conversely, concentrations of CLA t-10, c-12 were higher (P = 0.001) in lambs fed
CO as compared to other diets. The SFA/PUFA ratio was increased (P = 0.002) in the skirt
muscle of lambs fed TA as compared to those fed the other diets.
6.4.4. Fatty Acid Profiles of Subcutaneous and Perirenal Adipose Tissues
Concentration of 18:1 t-10 was the lowest in lambs supplemented with TA than all
other diets, in both adipose tissues (P ≤ 0.001; Table 6.5.). In perirenal adipose tissue,
accumulation of 18:1 t-11 was ranked SO = FO > CO = TA (P = 0.002). Whereas in
subcutaneous adipose tissue, FO and SO concentrations of 18:1 t-11 were greater (P = 0.01)
than CO fed lambs. Concentrations of 18:1 c-15 and 18:2 t-11, c-15 were higher in both
adipose tissues of lambs supplemented with FO compared to all other diets (P < 0.001).
Concentrations of 18:3n-3 was ranked FO > CO = TA > SO in both adipose tissues (P <
0.001). Whereas, concentrations of CLA c-9, t-11 in both adipose tissues were higher in
lambs fed SO (P ≤ 0.014) compared to both CO and TA. Concentrations of CLA t-10, c-12
in subcutaneous adipose tissue was lower (P = 0.003) in TA compared to CO and SO, which
were similar (P > 0.05). However, in perirenal adipose tissue, lambs fed CO had higher (P <
0.001) accumulations of CLA t-10, c-12 compared to all other diets. Concentrations of EPA
differed depending on adipose depot and oil source, with lambs supplemented with FO
having a higher (P = 0.03) accumulation in subcutaneous adipose tissue, whereas lambs
supplemented with CO had the highest (P = 0.002) accumulation in perirenal adipose tissue
compared to all other diets. Accumulation of DHA was not affected by oil source in
119
subcutaneous adipose tissue, but in perirenal adipose tissue, CO exhibited the highest
concentration (P < 0.001; Table 6.5.) compared to all other diets.
Accumulation of n-3 FA was the highest in adipose tissue of lambs fed FO (P <
0.001), but the lowest in adipose tissues of lambs fed SO compared to all diets (P < 0.001).
Thus, the n-6/n-3 ratio in subcutaneous adipose tissues was ranked SO > CO = TA > FO (P
< 0.001), but in perirenal adipose tissue was ranked SO > TA > CO > FO (P < 0.001). Total
SFA concentrations were higher (P ≤ 0.01) for lambs fed TA compared to all other diets in
both adipose tissues. Conversely, FO supplementation resulted in the highest (P < 0.001)
PUFA concentration in both adipose tissues with the lowest concentration being in lambs fed
TA. Consequently, the lowest SFA/PUFA ratio in perirenal adipose tissue was in lambs fed
FO, with TA being the highest compared to all other diets (P < 0.001). In subcutaneous
adipose tissue TA fed lambs had the highest (P < 0.001) SFA/PUFA ratio compared to all
diets.
6.4.5. Wool Production and Quality
Neither wool production nor quality was affected by diet (P ≥ 0.27), except for wool
strength which was 34%, 37% and 26% lower in lambs fed FO, SO and TA, compared to
those fed CO, respectively (P = 0.02; Table 6.6.).
6.5. Discussion
6.5.1. Production and Carcass Characteristics
In the current study, altering the FA composition of the diet did not affect growth,
intake or carcass characteristics of lambs. This is in agreement with previous studies which
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fed lambs increasing concentrations of FO up to 9% DM in a triticale, barley and wheat based
diet (Bas, et al., 2007) or top-dressed Tasco® at up to 2% DM onto pelleted barley grain
(Bach, et al., 2008). McNiven et al. (2011) also observed no effects on ADG, DMI, G:F,
dressing % or carcass weight in crossbred steers fed extruded or roasted canola or flaxseeds
at 2 kg/d. Similarly, previously in our lab, the addition of up to 3% DM algal meal (DHA-
Gold®) to a barley-based finishing diet did not alter growth rate or carcass characteristics of
Canadian Arcott lambs (Meale, et al., 2014). The addition of high-linoleic or high-oleic
safflower seeds also had no effect on ADG, feed efficiency or carcass characteristics in lambs
fed a diet containing beet pulp, oat hay, and soybean meal (Bolte, et al., 2002). The lack of
effect of these diets on animal growth and carcass characteristics could possibly be attributed
to the isolipidic nature of the diets in each study and the low levels of lipid inclusion at or
below 6.5% DM.
6.5.2. Fatty Acid Composition of Adipose Tissue and Skirt Muscle
Inclusion of lipids from terrestrial or marine plants in ruminant diets is receiving
renewed interest due to increasing awareness of the potential health benefits associated with
some isomers of conjugated linoleic acid (CLA) predominantly CLA c-9, t-11 (rumenic acid)
and long chain n-3 PUFA. Meat and milk from ruminants are considered to be one of the
richest natural sources of rumenic acid (Bessa, et al., 2000; Lawson, et al., 2001; Moloney,
et al., 2001), a compound well known for its anticarcinogenic and antiatherogenic properties
(Boeckaert et al., 2007b; Harfoot & Hazlewood, 1988). The results of the current study
suggest that despite dietary differences in the levels of linoleic acid, concentrations of
rumenic acid in both adipose tissues and skirt muscle of lambs supplemented with SO and
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FO was similar. This likely occurred as a result of comparable levels of desaturation of 18:1
t-11 (vaccenic acid) to rumenic acid by Δ9 desaturase in each tissue, as indicated by
comparable levels of vaccenic acid in all tissues of lambs fed SO and FO diets. Although the
desaturation of vaccenic acid to rumenic acid is considered the primary means of forming
rumenic acid (Bessa, et al., 2000; Lawson, et al., 2001; Moloney, et al., 2001; Palmquist, et
al., 2005), it can also be produced from the isomerization of dietary linoleic acid (Palmquist,
et al., 2005). In this case the isomerization of linoleic acid to rumenic acid in SO fed lambs
was more extensive than those fed FO as the dietary concentration of linoleic acid was greater
in lambs fed SO as compared to FO, even though the levels of all biohydrogenation
intermediates were similar in all tissues. A study by Mir et al. (2000) reported the inclusion
of 6% DM of high linoleic SO in a barley-based pelleted diet fed to Suffolk x Dorset lambs
increased the concentration of 18:2 in the diaphragm and adipose tissue compared to those
fed a control diet, resulting in a correspondingly increase in the concentration of CLA in
these tissues.
Inhibiting the final step of biohydrogenation, the reduction of vaccenic acid to 18:0
(steric acid), is another means of increasing vaccenic acid accumulation and thus, rumenic
acid levels (Toral, et al., 2011). This has been achieved previously with the supplementation
of marine lipids (e.g. fish oil and algae) considered to be a result of the high PUFA content
inhibiting ruminal bacteria (Palmquist, et al., 2005; Toral, et al., 2010a) or the presence of
tannins (Vasta, et al., 2009). However, no such effects were observed in the current study
using Tasco®, where the accumulation of vaccenic acid in adipose tissue was similar to those
fed CO, but lower than that of lambs fed SO or FO. This indicates that perhaps the vaccenic
acid intermediate produced from biohydrogenation of TA and CO were less able to escape
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the rumen and be incorporated into tissues, or perhaps that these FA underwent further
biohydrogenation to steric acid. Previous studies have reported confounding results on the
extent of ruminal biohydrogenation, with some studies suggesting that linoleic and linolenic
acid from whole flaxseed or fish oil and EPA and DHA as free fatty acids undergo between
90 to 95% (Scollan, et al., 2001) and 80 to 95% (AbuGhazaleh & Jenkins, 2004)
biohydrogenation, respectively. In contrast, some studies (Ashes, et al., 1992; Chilliard, et
al., 2000) have suggested limited biohydrogenation of these FA resulting in an increased
production of biohydrogenation intermediates (rumenic acid and vaccenic acid).
Interestingly, the similar concentrations of linoleic acid, rumenic acid and steric acid in both
adipose tissues and skirt muscle in lambs fed TA and CO, suggests that perhaps the C18 FA
in these two supplements underwent a similar level of biohydrogenation.
Although increased consumption of rumenic acid is considered beneficial in terms of
human health, there are concerns regarding the consumption of another isomer of CLA, CLA
t-10, c-12, as it has been shown to increase the ratio of low density lipoprotein to high density
lipoprotein cholesterol, as well as the amount of total cholesterol in healthy adult men (Pariza,
et al., 2001; Tricon, et al., 2004). In most cases, the production of trans-10 CLA isomers
accounts for only 1% of total FA (Zened, et al., 2012) but dietary factors such as the
proportion of concentrate (Griinari, et al., 1998), the addition of oil (Roy, et al., 2006) or both
(Loor, et al., 2004) are known to shift biohydrogenation from the trans-11 to the trans-10
pathway (Zened, et al., 2012). In the current study, although lambs were fed high concentrate
diets which is known to shift FA production towards that of CLA t-10, c-12 and 18: 1 t-10,
CO fed lambs exhibited the highest concentrations of CLA t-10, c-12 in all tissues, yet in
subcutaneous adipose tissue the level of CLA t-10, c-12 in SO lambs was similar to CO fed
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lambs. Despite higher levels of CLA t-10, c-12, a shift from the production of rumenic acid
or vaccenic was not observed as a result, indicating that the difference in CLA t-10, c-12
concentrations reflects differences in the FA composition of the diet.
The health benefits associated with increasing consumption of n-3 FA are well
known. Recently the focus has shifted towards the inclusion of EPA (20:5n-3) and DHA
(22:6n-3), as these long chain n-3 PUFA are considered to reduce the risk of coronary heart
disease and have key roles in cerebral development and function (Givens & Gibbs, 2008).
Feeding crossbred steers extruded or roasted canola and flax at 2 kg/d had no effect on DHA,
EPA or PUFA concentrations in rib eye muscle in a study by McNiven et al. (2011). This is
likely a result of the inefficient conversion of α-linolenic and linoleic acid to DHA and EPA
in ruminants (Givens & Gibbs, 2008). As such, direct supplementation with dietary sources
high in DHA and EPA, such as marine algae, which are also considered to undergo minimal
biohydrogenation compared to fish oil or protected oils has been recommended (Boeckaert
et al., 2007a; Maia, et al., 2007; Meale, et al., 2014). For example, Elmore et al. (2005) fed
Suffolk-cross wether lambs FO, fish oil, protected lipid high in linolenic acid and 18:3n-3,
fish oil/marine algae or protected lipid/marine algae (60 g oil/kg DM) and observed the
greatest increase in EPA, DHA and total n-3 in treatments containing algae. Papadopoulos et
al. (2002) fed an algae supplement high in DHA to ewes at up to 94 g/d and reported an
enrichment of milk with PUFA, in addition to elevated levels of DHA and EPA, with no
changes in DHA metabolites observed.
The lack of effect of lipid source on muscle EPA concentrations in our study contrasts
with previous reports. For example, Wachira et al. (2002) fed fish oil and increased muscle
proportions of EPA from 0.7 to 2.3 and DHA from 0.3 to 0.8. Similarly, in our previous work
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(Meale et al., 2014) we observed increases in EPA and DHA in skirt muscle and adipose
tissues of lambs supplemented with a marine algal product high in DHA (DHA-Gold®) when
it was included at 3% of dietary DM. Current results indicated algal supplementation resulted
in lower accumulations of DHA in perirenal adipose tissue, but concentrations comparable
to those with CO were observed in skirt muscle of lambs. Similarly, in subcutaneous adipose
tissue concentrations of DHA in TA lambs was similar to both CO and SO fed lambs. This
could be attributed to the similar levels of dietary DHA across all treatments in the current
study. Previous studies have reported marine micro-algae was a good source of DHA, and
resulted in increasing accumulation of DHA in lamb tissues (Boeckaert et al., 2007a; Meale,
et al., 2014). The species of algae (A. nodosum) used in the current study, however, had a
crude fat content of ~ 2% and a low level of DHA. The contrasting FA compositions of
different species of algae suggest that perhaps not all algae are equal in their ability to
synthesize long chain n-3 FA. Most of the n-3 long chain-PUFA-producing algae belong to
the cryptomonads, haptophytes and heterokonts groups in the Chromista kingdom (Cavalier-
Smith, 2010). The amount of n-3 LC-PUFAs produced by these organisms is dependent on
the environmental conditions to which the algae are exposed. Stresses such as nitrate
starvation (Yang, et al., 2013), increased salinity (Yokochi, et al., 1998), changes in light
intensity (Lu, et al., 2001) or variations in the amount and composition of carbon (Yokochi,
et al., 1998) can increase lipid synthesis and accumulation in addition to the composition of
n-3 LC-PUFA. Additionally, genetic selection of various species can enhance n-3 FA
production (Mühlroth, et al., 2013), perhaps providing an explanation for the variation in
DHA content of Schizochytrium spp. used in the previous study and A. nodusum in the current
study, as Schizochytrium spp. are produced on a commercial scale specifically for the
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extraction of DHA and EPA due to their enriched levels of these FA and high lipid content
(Mühlroth, et al., 2013). Additionally, the inclusion of only 2% DM of TA and a total dietary
ether extract content of ~5% DM may not have been sufficient to result in accumulation of
DHA in lamb tissues.
Tannins have also been proposed as a means of altering ruminal biohydrogenation by
inhibiting the reduction of vaccenic acid to stearic acid (Vasta, et al., 2009). Previous work
in our laboratory showed that phlorotannins found only in brown algae such as Tasco®, have
a higher biological activity than terrestrial tannins (Wang, et al., 2008; 2009) exhibiting
antimicrobial activity against a number of bacterial species (Wang, et al., 2008). However,
despite this Tasco® did not appear to alter biohydrogenation in the present study, potentially
due to the low inclusion rate and thus, low levels of tannins in the diet.
Despite varying dietary effects on the concentrations of individual long chain n-3
PUFA, lambs supplemented with FO exhibited the greatest n-3 content in all tissues. This
may be attributed to the higher dietary content of 18:3n-3 and total n-3 in FO compared to
all other diets; however, dietary levels of total n-3 were higher in SO fed lambs compared to
CO and TA but exhibited the lowest accumulation of n-3 in all tissues. Despite this, lambs
supplemented with FO had the lowest n-6/n-3 content in both studies, corroborating the
findings of McNiven et al. (2011) which reported the inclusion of flaxseed in a barley grain/
barley silage diet fed to cross bred steers reduced the n-6/n-3 ratio of rib eye muscle, as
compared to canola. Similarly, Kitessa et al. (2009) supplemented Merino lambs with
protected FO and after 6 weeks observed a 46% increase in the n-3 PUFA in the intramuscular
fat of the longissimus thoracis et lumborum muscle. Thus, our results, in conjunction with
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those reported previously, indicate that supplementation of FO beneficially alters the n-3/n-
6 ratio in lamb.
Lowering the ratio of SFA to PUFA in sheep meat is also associated with a reduced
risk of coronary heart disease (Enser, et al., 1996; Wachira, et al., 2000). The increase in the
SFA/PUFA ratio with the supplementation of TA in the current study is unfavourable. This
contrasts to the results of Boeckaert et al. (2007a) and Meale et al. (2014) which indicated a
positive shift from the production of SFA to the production of PUFA with the
supplementation of Schizochytrium spp., suggesting that this algae species is more suited for
modulating the FA composition of ruminant adipose tissue. In contrast, the CO, FO and SO
diets had similar SFA/PUFA ratios. Previous studies have reported reductions in the
SFA/PUFA ratio in the L. thoracis et lumborum of lambs fed FO (Elmore, et al., 2005), or
no differences in total SFA, MUFA or PUFA content of rib eye in steers fed whole canola or
flax. A study by Bolte et al. (2002) fed western-white faced lambs safflower seeds high in
either oleic- or linoleic-acid and observed similar SFA concentrations in the adipose tissue,
but lower PUFA content in adipose tissue of lambs, a result that corresponds with the results
of the current study.
6.5.3. Wool Production and Quality
Dietary supplements did not affect wool quality or yield in the current study, with the
exception of wool strength (Table 6.6.). This is in agreement with the results of our previous
study (Meale et al., 2014), in which wool yield and quality were not affected following the
supplementation of increasing concentrations of marine algae. This was attributed to the
uniform DMI across all treatments and the strong positive correlation between DMI and wool
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growth (Hynd & Masters, 2002; Rangel & Gardiner, 2009), characteristics which could also
explain the results of the current study.
The lower staple strength of wool from lambs supplemented with FO, SO and TA,
compared to the CO lambs could potentially reduce its economic value. Staple strength is a
measurement of the maximum force required to break a staple, expressed in Newtons/kilotex
(N/ktex). Strengths below 25 N/ktex increase the occurrence of ‘tender’ wool which breaks
readily during processing (Reis, 1992) and thus, limits the end use of the wool fiber. The
strength of wool from lambs fed FO and SO was only marginally above this limit and as such
may be subject to breakage during processing.
6.6. Conclusion
Dietary supplementation of canola oil, flax oil, safflower oil or Tasco® had no effect
on production performance, carcass characteristics and wool production. Supplementing
Tasco® at 2% DM in the diet of Canadian Arcott lambs increased the SFA/PUFA ratio in
skirt muscle and subcutaneous and visceral adipose tissues in comparison to the
supplementation of oils. Additionally, Tasco® supplementation did not improve
concentrations of long chain n-3 PUFA or total n-3 concentrations in skirt muscle or adipose
tissue when compared to lambs fed canola, flax or safflower oils. In contrast, supplementing
FO increased total n-3 accumulation and reduced the n-6/n-3 ratio in all tissues suggesting
that the supplementation of Tasco® did not beneficially alter the FA profile of lamb tissues
in comparison to other dietary lipids.
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Tables
Table 6.1. Ingredients and chemical composition of diets (n = 4; mean ± SEM)
Diets
Item CO FO SO TA
Ingredients, %
Barley grain, steam rolled 60.0 60.0 60.0 60.0
Soybean hulls 5.00 5.00 5.00 5.00
Beet pulp 5.00 5.00 5.00 5.00
Beet molasses 2.50 2.50 2.50 2.50
Alfalfa hay 22.40 22.40 22.40 22.40
Canola oil 2.00 - - -
Flax oil - 2.00 - -
Safflower oil (high linoleic) - - 2.00 -
Tasco® ‐ AOS Meal - - - 2.00
Sheep Mineral 1.00 1.00 1.00 1.00
Dicalcium phosphate 0.60 0.60 0.60 0.60
Calcium carbonate 0.50 0.50 0.50 0.50
Ammonium chloride 0.50 0.50 0.50 0.50
Feed Pellet Binder 0.50 0.50 0.50 0.50
Vitamin A, D, E 0.003 0.003 0.003 0.003
Dry matter contents and chemical composition
Dry matter, % 91.62 ± 1.61 92.24 ± 2.51 92.14 ± 0.30 91.77 ± 0.64
Crude protein, % DM 15.07 ± 1.45 14.98 ± 0.94 14.37 ± 1.17 15.04 ± 0.41
Neutral detergent fibre, % DM 23.20 ± 1.03 25.78 ± 1.17 24.76 ± 0.95 24.89 ± 0.33
Acid detergent fibre, % DM 15.89 ± 2.12 17.01 ± 0.86 15.24 ± 0.70 15.82 ± 0.67
Ether extract, % DM 5.38 ± 1.34 5.98 ± 2.40 5.24 ± 1.56 4.97 ± 0.74
NFC, % DM 50.55 ± 0.70 47.97 ± 0.94 50.15 ± 1.44 48.29 ± 0.44
Ash, % DM 7.22 ± 0.16 6.98 ± 0.67 6.59 ± 0.40 7.22 ± 0.16
Abbreviations: CO, canola oil; FO, flax oil; SO, safflower oil; TA, Tasco®; NFC, nonfibrous
carbohydrates [NFC = 100 − (CP + NDF + EE + ash)].
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Table 6.2. Fatty acid profile of diets (2% DM; n = 4)
Composition, %
total FA CO FO SO TA
16:0 10.83 13.05 17.75 12.97
18:0 2.29 2.60 2.01 1.65
18:1 c-9 30.41 17.19 14.23 25.59
18:2n-6 30.14 28.01 37.69 25.45
18:3n-3 18.36 29.84 22.31 12.90
20:5 (EPA) 0.21 0.25 0.57 0.30
22:6 (DHA) 0.22 0.23 0.22 0.20
MUFA 33.83 19.78 16.92 29.64
PUFA 51.42 62.32 59.47 59.98
SFA 14.75 17.90 23.62 16.38
n-3a 18.90 33.10 25.77 13.53
Abbreviations: CO, canola oil; FO, flax oil; SO, safflower
oil; TA, Tasco®; MUFA, monounsaturated fatty acids
an-3 FA = 18:3n-3 + EPA + DPA + DHA
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Table 6.3. Effect of dietary lipid source on intake, production performance and carcass
characteristics of Canadian Arcott lambs (n = 14)
Diet
CO FO SO TA SEM P-value
Production parameters
Initial BW, kg 23.5 23.2 23.3 23.2 1.260 0.99
Final BW, kg 51.0 50.6 50.5 49.7 1.341 0.91
DMI, g/d 1302.1 1273.8 1202.4 1235.8 34.072 0.18
ADG, g 292.6 274.8 256.9 270.0 13.737 0.38
Feed conversion, g LW
gain/g DMI 0.22 0.22 0.21 0.22 0.014 0.11
Carcass characteristics
Hot Carcass weight, kg 25.12 25.21 25.32 24.71 0.753 0.95
Dressing, % 50.71 50.33 49.86 50.25 2.346 0.32
Body wall thickness a, mm 20.64 19.77 18.29 18.5 1.169 0.45
Carcass muscle score b 3.00 2.85 2.50 2.50 0.239 0.35
Loin 3.07 3.23 3.29 3.14 0.105 0.49
Leg 3.21 3.23 3.5 3.36 0.126 0.36
Shoulder 3.14 3.23 3.29 3.14 0.110 0.75
Carcass value ($/kg)c 4.49 4.44 4.52 4.66 0.195 0.88
Rumen weight, kg 7.76 6.61 6.92 7.43 0.592 0.54
Rumen pH 6.2 6.3 6.42 6.46 0.155 0.61
Liver weight, kg 0.94 0.95 0.96 0.92 0.036 0.95
Abbreviations: CO, canola oil; FO, flax oil; SO, safflower oil; TA, Tasco®; BW, body weight;
DMI, Dry mater intake; ADG, average daily gain; feed
1Body wall thickness: measurement of carcass muscling, measured between 12th and 13th rib,
11 cm from the carcass midline.
2Muscle score: values range from 0 to 5, with 5 being the highest quality; individual muscle
scores ≥ 2.0 qualify the carcass as AAA quality by Canadian standards.
3Carcass value ($/kg) was determined using muscle scores and body wall thickness, where
higher body wall thickness and muscle scores result in a higher carcass value.
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Table 6.4. Effect of dietary lipid source on the fatty acid profile on skirt muscle (SM; n
= 14)
Component, %
total FA
Diets
CO FO SO TA SEM P-value
18:0 16.5 18.3 15.9 17.5 0.615 0.08
18:1 t-10 5.12a 4.67a 6.05a 1.93b 0.463 <0.001
18:1 t-11 0.97b 1.86a 1.84a 1.16b 0.178 0.005
18:1 c-9 39.2ab 31.9c 34.2bc 39.3a 1.651 0.02
18:1 c-11 1.08a 1.02ab 0.82b 0.82b 0.070 0.048
18:1 c-15 0.24b 0.57a 0.25b 0.17b 0.036 <0.001
18:2 t-11, c-15 0.91b 2.28a 0.47bc 0.34c 0.149 <0.001
18:2n-6 4.17b 3.71b 5.47a 3.80b 0.251 <0.001
18:3n-3 1.20b 2.55a 0.72c 0.96bc 0.117 <0.001
CLA c-9, t-11 0.27c 0.43ab 0.50a 0.32bc 0.046 0.02
CLA t-10, c-12 0.12a 0.07b 0.07b 0.06b 0.010 0.001
20:5n-3 (EPA) 0.07 0.06 0.09 0.07 0.012 0.64
22:5n-3 (DPA) 0.09ab 0.13a 0.07b 0.11a 0.012 0.03
22:6n-3 (DHA) 0.09ab 0.06b 0.13a 0.10ab 0.015 0.03
SFA 42.7 45.9 45.0 47.1 1.450 0.28
PUFA 8.19b 11.04a 8.13b 6.81c 0.398 <0.001
SFA/PUFA 5.24b 4.24b 5.60b 7.12a 0.411 0.002
n-3a 1.53b 2.80a 1.02c 1.27bc 0.124 <0.001
n-6/n-3 3.01b 1.37c 5.83a 3.18b 0.174 <0.001
a-c Within row, means without common superscript differ (P < 0.05)
Abbreviations: CO, canola oil; FO, flax oil; SO, safflower oil; TA, Tasco®
an-3 FA = 18:3n-3 + EPA + DPA + DHA
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Table 6.5. Effect of dietary lipid source on fatty acid profiles of subcutaneous and perirenal
adipose tissues (n = 14)
Component, % total FA
Diets
CO FO SO TA SEM P-value
Subcutaneous
18:0 10.7b 13.6a 10.9b 12.9ab 0.723 0.04
18:1 t-10 7.38a 5.24b 7.75a 2.51c 0.505 <0.001
18:1 t-11 1.14b 2.20a 2.19a 1.55ab 0.234 0.01
18:1 c-9 35.3 33.2 32.2 36.1 1.280 0.12
18:1 c-11 1.34a 1.13b 1.00c 0.93c 0.045 <0.001
18:1 c-15 0.30b 0.75a 0.26b 0.19b 0.043 <0.001
18:2 t-11, c-15 1.47b 2.61a 0.75c 0.54c 0.163 <0.001
18:2n-6 5.14b 3.78c 6.24a 4.05c 0.296 <0.001
18:3n-3 1.65b 2.93a 0.90c 1.29b 0.118 <0.001
CLA c-9, t-11 0.51c 0.78ab 0.87a 0.63bc 0.079 0.014
CLA t-10, c-12 0.11a 0.09ab 0.12a 0.06b 0.011 0.003
20:5n-3 (EPA) 0.04b 0.06a 0.03b 0.05ab 0.005 0.03
22:5n-3 (DPA) 0.10b 0.14a 0.10b 0.13a 0.009 0.004
22:6n-3 (DHA) 0.03 0.04 0.03 0.03 0.005 0.46
SFA 40.6b 43.3b 41.7b 46.6a 1.040 0.003
PUFA 8.84bc 12.68a 10.29b 7.54c 0.507 <0.001
SFA/PUFA 4.46b 3.21b 4.13b 6.43a 0.354 <0.001
n-3a 1.74b 3.17a 1.05c 1.40bc 0.127 <0.001
n-6/n-3 2.93b 1.27c 6.26a 3.14b 0.101 <0.001
Perirenal
18:0 24.7 25.7 24.4 26.1 0.754 0.38
18:1 t-10 6.82b 7.27b 9.98a 2.51c 0.657 <0.001
18:1 t-11 1.36b 2.72a 3.15a 1.46b 0.311 0.002
18:1 c-9 25.1ab 22.9b 22.4b 27.5a 0.830 0.001
18:1 c-11 1.44a 1.29a 0.94b 0.79b 0.057 <0.001
18:1 c-15 0.40b 0.77a 0.22c 0.22c 0.036 <0.001
18:2 t-11, c-15 1.12b 2.97a 0.67b 0.57b 0.207 <0.001
18:2n-6 5.19b 4.03c 6.61a 4.61bc 0.319 <0.001
18:3n-3 1.47b 3.06a 0.84c 1.25b 0.113 <0.001
CLA c-9, t-11 0.25b 0.37ab 0.49a 0.30b 0.042 0.005
CLA t-10, c-12 0.24a 0.05b 0.06b 0.06b 0.009 <0.001
20:5n-3 (EPA) 0.82a 0.04b 0.07b 0.06b 0.100 0.002
22:5n-3 (DPA) 0.31a 0.08b 0.07b 0.08b 0.022 <0.001
22:6n-3 (DHA) 0.17a 0.04b 0.04b 0.05b 0.008 <0.001
SFA 50.7b 51.3b 50.8b 55.6a 1.074 0.01
PUFA 8.82bc 13.99a 9.69b 7.51c 0.424 <0.001
SFA/PUFA 5.86b 3.60c 5.30b 7.63a 0.349 <0.001
n-3a 1.79b 3.33a 1.04c 1.45bc 0.147 <0.001
n-6/n-3 2.66c 1.38d 6.69a 3.44b 0.212 <0.001
a-d Within row, means without common superscript differ (P < 0.05)
Abbreviations: CO, canola oil; FO, flax oil; SO, safflower oil; TA, Tasco®
an-3 FA = 18:3n-3 + EPA + DPA + DHA
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Table 6.6. Effects of dietary lipid source on wool production and quality
parameters of Canadian Arcott lambs (n = 14)
Diets
CO FO SO TA SEM P-value
SD 35.0 32.7 34.2 32.7 0.23 0.30
Yield, % 63.7 63.4 64.5 63.7 0.97 0.89
FD, m 47.6 47.2 49.2 47.1 0.66 0.40
FDSD, mm -0.2 -0.6 1.5 -0.7 0.66 0.40
FDCV, % 40.2 37.9 38.1 38.1 0.65 0.31
Fibres >30.5 mm, % 15.8 15.6 17.4 15.4 3.34 0.47
Spinning Fineness, m 48.9 47.8 49.9 47.7 0.66 0.38
Curvature, deg/mm 37.2 39.9 38.4 37.9 2.10 0.27
Strength, N/ktex 40.5a 26.4b 25.4b 29.9b 3.57 0.02
Length, mm 57.6 63.1 60.4 59.1 2.81 0.55
Abbreviations: CO, canola oil; FO, flax oil; SO, safflower oil; TA, Tasco®; FD,
fiber diameter; FDSD, fiber diameter standard deviation; FDCV, fiber diameter
coefficient of variation
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Chapter 7
Dose-response of supplementing marine algae (Schizochytrium spp.) on
production performance, fatty acid profiles and wool parameters of
growing lambs1
1 This chapter has been published in full: Meale, S. J., Chaves, A. V., He, M. L., McAllister
T. A. 2014. Dose-response of supplementing marine algae (Schizochytrium spp.) on
production performance, fatty acid profiles and wool parameters of growing lambs. J.
Anim. Sci. 92:2202-2213
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7.1. Abstract
As micro-algae are the original source of DHA (22:6n-3) in the marine food chain, its
inclusion in animal feeds has been considered as a means of increasing the DHA level of
foods of animal origin. As such, the current study aimed to investigate the effects of
supplementing an algal meal, high in DHA derived from Schizochytrium spp. (DHA-G®), in
the diet of Canadian Arcott lambs, on growth, carcass characteristics, wool production and
FA profiles of subcutaneous (SAT), perirenal adipose tissues (PAT) and skirt muscle (SM).
Forty-four lambs were blocked by weight and randomly assigned to dietary treatments. Diets
consisted of a pelleted, barley-based finishing diet with DHA-G supplemented at 0, 1, 2 or
3% DM as a replacement for flax oil and barley grain. Feed deliveries and orts were recorded
daily. Lambs were weighed weekly and slaughtered once they reached ≥ 45 kg LW. Carcass
characteristics, rumen pH and liver weights were determined at slaughter. Wool yield was
determined on mid-side patches of 100 cm2 shorn at d 0 and on the day prior to slaughter (d
105 or 140). Dye-bands were used to determine wool growth, micron and staple length.
Adipose tissues and SM samples were taken at slaughter and analysed for FA profiles. Data
were analysed using mixed procedure in SAS with orthogonal contrasts testing for linear,
quadratic or cubic responses to increasing levels of DHA-G. Daily DMI, ADG and G:F were
similar among treatments, as were wool quality and yield (P > 0.05). Carcass characteristics
were generally unaffected (P > 0.05), except for body wall thickness (mm), which showed a
quadratic response (P = 0.01) with increasing DHA-G. The concentration of EPA (20:5n-3;
mg/100 g fresh tissue) linearly increased (P < 0.001) with DHA-G in both adipose tissues
and responded quadratically in SM (P = 0.05). Similarly, DHA (mg/100 g fresh tissue)
increased linearly (P < 0.01) with DHA-G in all tissue types (P < 0.001). Supplementing
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DHA-G decreased (P < 0.001) the n-6/n-3 ratio in all tissues examined. No effects on PUFA
or SFA were observed across the three tissues, with no response (P ≥ 0.10) in the SFA/PUFA
ratio in either SM or SAT; however, the SFA/PUFA ratio linearly decreased in PAT (P =
0.01). These results indicate that DHA-G can be successfully included in the diets of growing
lambs at up to 3% DM with the potential to improve carcass characteristics and the FA profile
of adipose tissue and muscle of growing lambs.
Key words: DHA, fatty acids, lambs, micro-algae, production performance
Running title: Feeding micro-algae to growing lambs
7.2. Introduction
The health benefits associated with consuming long chain n-3 PUFA, DHA (22:6n-
3) and EPA (20:5n-3) are well established, with increased consumption reducing the risk of
coronary heart disease and their key roles in cerebral development and function (Givens and
Gibbs, 2008). Current global intakes of DHA and EPA per person are 100 – 500 mg/d, and
are frequently below the recommended intake values of 200 – 680 mg/d (Givens and Gibb,
2008). Supplementary sources of DHA and EPA are being examined to meet deficiencies, as
α-linolenic acid, the predominant dietary precursor is poorly converted forming only 2-5%
of DHA and 5-10% of EPA (Arterburn et al., 2006). Additionally, consumption of oily fish,
the primary source of preformed n-3 FA, is reaching a peak due to cost, scarcity and concerns
regarding the presence of contaminants (Wachira et al., 2002; Candela et al., 2011).
Butyrivibrio is the dominant bacterial species in the rumen, in terms of FA
biohydrogenation. However, it appears to play only a minor role in the metabolism of DHA
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and EPA and as a consequence these FA experience very limited biohydrogenation (Maia et
al., 2007). As such, supplementation with feeds rich in DHA and EPA, such as micro-algae
has the potential to cause enrichment of ruminant tissues (Ashes et al., 1992; Abril et al.,
2000; Boeckaert et al., 2007b). Papadopoulos et al. (2002) fed up to 94 g algae
(Schizochytrium spp.) to ewes and observed enrichment of EPA and DHA in milk. Similarly,
Elmore et al. (2005) fed algae to Suffolk-cross wether lambs and increased the n-3 content
of muscle. We hypothesized that the inclusion of micro-algae in the diets of growing lambs
would alter bodily FA composition without altering production performance or wool
characteristics. As such, our study aimed to determine the impact of inclusion of a
commercial algal meal (DHA-G) in the diet of Canadian Arcott lambs on production
performance, wool growth and the FA composition of adipose tissue and muscle.
7.3. Materials and Methods
All lambs were cared for in accordance with the guidelines of the Canadian Council
on Animal Care (1993), protocol #1135 approved by the Lethbridge Research Centre Animal
Care Committee.
7.3.1. Animals, Feeding and Sampling
Forty-four Canadian Arcott ewe and ram lambs were randomly assigned to one of the
four experimental diets (n = 11/dietary treatment). Lambs were housed in individual pens
(0.97 × 2.82 m), bedded with straw. Diets consisted of a completely pelleted barley-based
finishing diet where an algal meal (DHA-Gold, Schizochytrium spp.; Martek Biosciences
Corporation, MD, USA; DHA-G) was included in the diet at 0 (control), 1, 2 or 3% DM as a
replacement of flax oil and barley grain (Table 7.1.). DHA-Gold is marketed as a sustainable
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source of n-3 grown in large stainless steel fermenters at an FDA-inspected facility and is
therefore, free of ocean-borne contaminants. Treatments were formulated to be isolipidic and
isofibrous according to the Small Ruminant Nutrition System (Cannas et al., 2004). Crude
protein concentrations in the diets were formulated to match lamb requirements based on the
findings of Stanford et al. (1995). The lambs were given a 14 d adjustment period, during
which the levels of DHA-G in the diet were 0, 0.25, 0.5 and 0.75% DM for the 0, 1, 2 and
3% treatments, respectively. Experimental diets were offered at 0900 h each day for the
duration of the trial, from mid-December to April, with water continuously available.
7.3.2. Feed Intake and Gain
Feed deliveries were recorded daily, with orts collected daily and weighed weekly for
determination of weekly DMI. Daily DMI by each lamb was estimated by summing weekly
intake and dividing by seven, where DM content of feed was determined by oven-drying feed
samples collected on d 91 and d 126, at 55°C for 48 h. Individual LW was recorded at weekly
intervals and average daily gain (ADG) was determined by dividing weight gain (initial LW
− final LW) by the number of days in the study. Feed conversion was calculated as the ratio
between ADG and DMI (g of LW gain/g of DMI).
7.3.3. Slaughter and Tissue Sample Collection
Lambs were slaughtered at a live weight of ≥ 45 kg, in two lots (d 105 and d 140) at
a commercial abattoir (SunGold Meats Ltd., Innisfail, AB, Canada). Within 5 min of
exsanguination, whole, un-trimmed subcutaneous (tail fat; SAT) and perirenal (PAT) adipose
tissue samples (~ 5 g each), in addition to 5 g of muscle (skirt muscle; SM) were collected
from each lamb. The samples were immediately snap-frozen in liquid nitrogen and stored at
145
-80°C until analysed for fatty acid (FA) profiles. Immediately following slaughter, rumen pH
was also recorded using a pH meter (Orion Model 260A, Fisher Scientific, Toronto, ON,
Canada) calibrated at 39°C, by making an incision through the rumen wall. Hot carcass
weights were recorded and grade rule (body wall thickness, mm) was determined from the
total tissue depth of the carcass between the 12th and 13th rib, 11 cm from the carcass midline.
Muscle scores are an assessment of the muscularity of the lamb carcass at the shoulder, loin
and hind leg. Muscle Scores range from 1 (extremely poor) to 5 (extremely good); scores
greater than 2.0 qualify the carcass as AAA quality according to the Canadian Lamb and
Mutton Carcass Grading Regulations (Agriculture and Marketing Act R.S.N.S. c. 6, s. 166,
1989). Carcass value ($/kg) was determined using muscle scores and body wall thickness,
where higher body wall thickness and muscle scores resulted in a higher carcass value.
7.3.4. Fatty Acid Analysis
Lipid Extraction. For adipose tissue and muscle lipid extractions, whole tissue
samples were freeze dried and homogenized using a food processor, then a 2 g subsample
was transferred to folded filter paper (125 mm, Whatman, No. 1). For SM, external fat was
removed from the tissue prior to homogenization. Fatty acids were extracted with diethyl
ether (Sigma- Aldrich CHROMASOLV®, St. Louis, Mo, USA) using the Goldfisch
Apparatus (Laboratory construction Co., Kansas City, Mo. USA) as described by Mir et al.
(2003) with the exception that all fat was extracted after 4 to 5 h. Residual extracted lipids
were rinsed with ether and stored at -20°C for methylation and determination of FA. Diet
samples were ground to pass a 1 mm screen (Micro Hammer Cutter Mills, Glen Creston
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Limited, London, UK) and weighed (2 g) into filter paper bags, extraction was conducted
with diethyl ether for a minimum of 4 h as for the tissue samples.
Methylation and Determination of Fatty Acids. A combined base/acid methylation
method (Kramer et al., 1997) with modifications as described by (He et al., 2009) was used
for FA analysis. Nonadecanoic acid (19:0) methyl ester (100 mL, 5.96 mg/ mL hexane Nu-
Chek Prep, Inc., MN, USA) was used as an internal standard with 2 mL of sodium methoxide
(0.5 mmol/L in methanol) added to each tube. The tubes were flushed with nitrogen and
mixed using a vortex and placed in a water bath at 50oC. After 10 min, 1 mL of boron
trifluoride (14% in methanol) was added and tubes were reheated at 50oC bath for another 10
min. After cooling, 5 mL water and 2 mL hexane were added to each tube and the mixture
vortexed. Samples were allowed to stand for 10 min and the upper layer (hexane) was
transferred to a GC vial flushed with nitrogen for FA determination by gas chromatography.
Fatty acid methyl esters (FAME) were quantified by a gas chromatograph (Hewlett Packard
GC System 6890; Mississauga, ON) equipped with a flame ionization detector and SP-2560
fused silica capillary column (75 m × 0.18 mm × 0.14 μm; Supelco Inc., Oakville, Ontario,
Canada; He et al., 2012; Chisaguano et al., 2013). To obtain FA profiles, hexane extracts (1
μL) were injected using a 20:1 split. The initial oven temperature (55ºC) was held for 5 min,
increased by 15ºC/min to 155ºC, held for 56 min, and increased at 10ºC/min to 240ºC at
which point it was allowed to stand for an additional 15 min. Hydrogen was used as the
carrier gas (head pressure 16.3 psi and flow rate of 0.3 mL/min) and helium was used as the
make-up gas (10 mL/min). Peaks of 10:0, 12:0, 14:0, 15:0, 16:0, 16:1 c-9, 17:0, 18:0, 18:1 t-
6-11, 18:1 c-9, 18:1 c-11, 18:1 c-15, 18:2 t-11, c-15, 18:2 c-9, c-12, 18:3 c-9, c-12, c-15, CLA
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c-9, t-11 and t-10, c-12 and non-conjugated dienes from 18:3 (NCD; sum of 18:2 c-9, t-13;
18:2 t-8, c-12; 18:2 c-9, t-12; and 18:2 t-8, c-13, 18:4, 20:0, 20:1, 20:5, 22:0 and 22:5 in
chromatograms were identified and quantified using pure methyl ester standards (Sigma-
Aldrich Inc.; He et al., 2012).
7.3.5. Wool Samples and Measurements
A mid-side patch of approximately 100 cm2 was shorn on the left side of each sheep
with clippers (Oster clippers, No. 40 cutting head, Hattersheimam Main, Germany) at the
beginning of the treatment period (d 0). At the same time, a 5 cm dye band, using
Schwarzkopf® (Igora-Roya—NF1 Black; Frenchs Forest, NSW, Australia) hair dye, was
applied to the right mid-side of each lamb. Schwarzkopf® hair dye cream was mixed with the
activator (Oxigenta 6%) immediately before application and applied in a thin line at skin
level using the applicator provided. At the completion of the experiment (d 105 or 140), both
the mid-side patch and the fleece containing the dye bands were removed at skin level, using
clippers and stored in plastic bags for analysis.
Wool samples from the mid-side patch were weighed to determine the total wool
weight (greasy wool weight) and placed into nylon filter bags. Samples were then washed in
a washing machine using hot water (90oC) and detergent (BD30, Huntington Professional
Products, St-Paul, MN) and rinsed twice in cold water to remove any impurities and wool
grease before being dried in an oven for 4 h at 110°C. The samples were then reweighed at a
relative humidity of 65% to determine clean wool weight. Wool yield was then calculated by
determining the percentage of clean wool weight relative to greasy fleece weight.
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Wool samples were sent to Riverina Wool Testers Pty Ltd (Wagga Wagga, NSW,
Australia) for analysis. Methodologies of wool fibre diameter (FD; μm), the standard
deviation (SD), coefficient of variation (CV), number of fibres > 30 µm, comfort factor
(percentage of fibres below 30.5 µm), spinning fineness and curvature (deg/mm) values of
the wool samples are described in detail by Charles et al. (2012).
7.3.6. Chemical Analysis of Feed
Chemical analyses were performed on each sample in duplicate, and where the CV
for the replicate analysis was > 5% the analysis was repeated (Table 7.1.). Dry matter content
of feed samples was determined by oven-drying at 55°C for 48 h. Dried samples were ground
through a 1 mm screen and analysed for NDF and ADF as described by Van Soest et al.
(1991), modified for an Ankom 200/220 Fibre Analyser (Ankom Technol. Corp., Fairport,
NY, USA). Both heat-stable α-amylase and sodium sulphide were included in the NDF
analyses. Concentrations of NDF and ADF were expressed inclusive of residual ash. Ash
content was determined after 2 h of oxidation at 600°C in a muffle furnace [method 942.05;
Association of Official Analytical Chemists (AOAC), 1990]. To determine CP (%N × 6.25),
feed samples were ground to a ﬁne powder using a ball grinder (Mixer Mill MM200; Retsch
Inc., Newtown, PA). Nitrogen was quantiﬁed by flash combustion with gas chromatography
and thermal conductivity detection (Nitrogen Analyser 1500 series; Carlo Erba Instruments,
Milan, Italy). Ether extract (EE) was determined by extraction with diethyl ether as described
for lipid extraction. Non-fibrous carbohydrate (NFC) was calculated as:
NFC = 100 - [CP + NDF + EE + ASH] (Mertens, 2002).
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Analytical DM was determined by drying the ground samples at 100°C for 2 h [method
930.05; AOAC, 1990]. All samples were weighed using the hot weighing technique.
7.3.7. Statistical Analysis
Dry matter intake, ADG and feed efficiency were analyzed as a completely
randomized design using the proc MIXED procedure of SAS (2013). Means were compared
using the LSMEANS/DIFF with treatments as a fixed term; lambs nested within treatment
as a random effect. Week was included as a repeated measure for DMI. Compound symmetry
was used as the covariance structure for repeated measures analysis because it demonstrated
the minimum values of Akaike’s information criterion. The REML method was used for
estimating the variance components, and degrees of freedom were adjusted using the
Kenward-Roger option. Orthogonal polynomial contrasts were performed to test for linear,
quadratic and cubic responses to increasing concentration of DHA-G (0, 1, 2, and 3%) in diet
DM.
Wool, carcass characteristics and FA data were analysed using a model similar to that
described above, excluding week as a repeated measure. Initial sheep weight was used as a
covariate and was not significant. Unless otherwise specified, treatment effects were declared
significant when P < 0.05.
7.4. Results and Discussion
7.4.1. Dietary Chemical Composition and Fatty Acid Profiles
Chemical composition of the four dietary treatments was similar (Table 7.1.). Dietary
FA profiles are presented in Table 7.2. DHA content (g/100 g total FAME) increased with
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increasing concentrations of DHA-G in the diet DM. However, EPA levels (g/100 g total
FAME) were numerically higher with 2% than 3% DHA-G despite the incremental increase
in EPA level in the diet.
7.4.2. Intake and Animal Production Performance
Initial LW was similar across all diets and during the experiment there were no
differences in the daily DMI (g/d), ADG (g) or feed conversion efficiency among lambs (g
LW gain/g DMI; P ≥ 0.36; Table 7.3.). Final BW did not differ (P ≥ 0.77) as lambs were
selectively slaughtered at a LW of ≥ 45 kg to obtain the carcass weight required to meet
market needs (20-25 kg). Previously, DHA-G was shown to reduce DMI by 10% in lactating
Holstein cows (Boeckaert et al., 2008) when fed at a level similar to the current study (0.9%
DM vs. 1.0% DM, respectively). Similarly, Franklin et al. (1999) fed the same strain of
micro-algae (Schizochytrium spp.), in either protected (coated with xylose; U.S. Patent
5,789,001; LignoTech USA, Rothschild, WI) or unprotected forms at a higher level (3.97%
DM), to lactating Brown Swiss and Holstein cows and observed an 18.5-22.3% reduction in
DMI. Yet, Cooper et al. (2004) fed Suffolk-cross weather lambs diets containing algae,
described as a dinoflagellate of the class Dinophyceae (Martek Biosciences Corp., Columbia,
MD) at 15.5% DM in combination with either fish oil or a protected linseed and soybean
supplement (CSIRO, Blacktown, NSW, Australia) and observed similar intakes, ADG and
G:F, as the linseed fed control group. As the level of algal supplementation was similar
among these studies, with the exception of Cooper et al. (2004) which fed a much higher
level, it is unknown why such varied effects were observed. There is the potential that the
marine algae consumed in these studies exhibited varying levels of antioxidative,
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antibacterial or cytotoxic effects, as although their presence was not reported in these studies,
the accumulation of such toxins is considered a natural predatory defence mechanism that
varies throughout the growth phase of the plant (Scholz and Liebezeit, 2012). The
accumulation of such toxins and thus, their impact on consumption and ruminal degradation
could be influenced by the stage of growth at which the algae was harvested (Scholz and
Liebezeit, 2012).
Hot carcass weight (kg), dressing percentage and muscle scores of the leg and
shoulder were not affected (P ≥ 0.11; Table 7.4.) by diet. Similarly, Cooper et al. (2004) did
not observe any effect on carcass characteristics when lambs were fed algae in combination
with either fish oil or a protected linseed and soybean supplement. Atti et al. (2007) fed up
to 10% DM fish meal to lambs and observed no differences in carcass characteristics. In the
current study, body wall thickness (mm; total tissue depth over the 12-13th rib) increased
quadratically (P = 0.02) and back muscling score tended (P = 0.08) to increase with additional
DHA-G. However, this did not increase the overall value of the carcass ($7.63 ± 0.30/kg) as
determined by a combination of muscle score and hot carcass weight. In agreement with our
results, Suffolk lambs fed 3% DM fish meal also showed increased body wall thickness
(mm), yet this was accompanied by an increase in carcass weight (Walz et al., 1998). The
authors suggest this was attributed to an increased supply of ruminally undegradable protein
from feeding fish meal, as compared to plant protein. In the current study, intake of dietary
crude protein (~135 g/d) across all treatments was 35% lower than the National Research
Council (NRC) recommendations for lambs in their live weight range (205 g/d), in order to
obtain growth rates of 300 g/d. This could potentially explain the low weight gains seen in
our study; however, in a study by Stanford et al. (1995) lambs were fed diets with a CP
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deficiency of 32%, compared to the control, and were able to sustain growth rates within the
predicted range (385 g/d vs. 350-400 g/d, respectively).
Liver weights increased linearly (P < 0.001) with the inclusion of DHA-G, although
Walz et al. (1998) reported similar liver weights following fish meal supplementation. No
effect was observed on rumen pH. This is in agreement with Wachira et al. (2000) which
reported no effect on rumen pH when lambs were fed fish oil up to 3.6% DM.
7.4.3. Fatty Acid Profiles of Subcutaneous and Perirenal Adipose Tissues and Skirt
Muscle
An increase in 22:0 (mg/100 g fresh tissue) was observed in SAT (P < 0.001; Table
7.5.), yet the total SFA concentrations (mg/100 g fresh tissue) in SAT and PAT were not
affected (P ≥ 0.20) by increasing concentrations of DHA-G in the diet. Total average lipid
content of SM was similar across all diets (3.2%; data not shown). Total SFA content tended
to decrease in SM with increasing inclusion of DHA-G (P = 0.06; Table 7.6.). Conversely,
there was a tendency for PUFA concentration to increase in SAT (P = 0.05), however, it did
not reach significance and consequently, no changes were observed in the SFA/PUFA ratio
(P = 0.10; Table 7.5.). Neither SM nor PAT exhibited changes in PUFA concentrations
(mg/100 g fresh tissue; P ≥ 0.60), however, DHA-G supplementation reduced the SFA/PUFA
ratio in PAT (P = 0.03; Table 7.7.). In a study by Boeckaert et al. (2007a), supplementation
of DHA-G (2% DM) in the diet of lactating dairy cows reduced ruminal SFA whilst,
increasing MUFA and PUFA concentrations. Conversely, in vitro supplementation of DHA
at up to 3% DM, increased SFA and MUFA, but decreased total unsaturated FA in rumen
fluid (Klein and Jenkins, 2011). The results of Boeckaert et al. (2007a) and those of the
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current study, indicate a positive shift from the production of SFA to PUFA can occur with
the supplementation of marine algae. Such a shift is considered to reduce the risk of
cardiovascular diseases in humans (Micha and Mozaffarian, 2010).
Previous work has suggested that the degree of incorporation of long chain n-3 FA,
obtained from fish oil, into ruminant tissues was dependent on the fat depot. DHA and EPA
are preferentially incorporated into phospholipids and milk fat, as compared to triglycerides
in adipose tissue or muscle (Ashes et al., 1992). Although we did not distinguish between
neutral lipids and phospholipids in the current study, a greater degree of incorporation of
EPA and DHA into both adipose tissues was observed, when compared to muscle (21.4 fold
increase in PAT; Table 7.7.; SAT up to 17.4 fold increase in SAT; Table 7.5.; and 12.6 fold
increase in SM; Table 7.6.; with 3% DM DHA-G supplementation). All tissues exhibited a
linear increase in EPA and DHA concentrations (mg/100 g fresh tissue; P < 0.001) with
increasing DHA-G. Dietary supplementation of DHA-G also resulted in a linear increase in
total n-3 FA content across all tissue types and subsequently, caused a quadratic response (P
< 0.01) in the n-6/n-3 ratio in SM (Table 7.6.) and PAT (Table 7.7.) and a cubic response (P
= 0.01) in SAT (Table 7.5.). This incorporation of long chain n-3 FA into both adipose tissues
and skeletal muscle reflects the low levels of biohydrogenation of these FA in the rumen of
sheep and is thus, considered to be a response of elevated dietary levels of DHA in the diet,
similar to that observed by Boeckaert et al. (2007a). The lack of biohydrogenation of DHA
and EPA observed in these studies is also in agreement with Maia et al. (2007), which
suggested that the inclusion of dietary products, such as fish oil and micro-algae, may exert
toxic effects on certain species of ruminal bacteria, in particular those in the Butyrivibrio
group, the dominant genera responsible for FA biohydrogenation. The authors further
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suggest that the presence of double bonds in unsaturated FA can disrupt the lipid bilayer
structure of the FA molecule or may lengthen the time required for complete
biohydrogenation to occur thus, lessening the metabolism of these FA in the rumen and
facilitating their increased incorporation into ruminant tissues. Contrasting studies indicate
that the transference of dietary DHA and EPA from fish oil and algae into ruminant tissues
is low (< 4%; Chilliard et al., 2001; Toral et al., 2010). However, Aldai et al. (2012) suggested
that when included at high concentrations (800 g) DHA was not extensively metabolised in
vitro, in contrast to its inclusion at low concentrations (100 to 300 g/6 mL incubation
volume). This indicates that the presence of long chain PUFA may not have been high enough
to illicit their inclusion into ruminant tissues in the studies of Chilliard et al. (2001) and Toral
et al. (2010).
Recommended daily intakes of EPA and DHA range from 200 – 680 mg/d for adults
(Givens and Gibb, 2008). Considering fresh lamb meat (SM) in the current study had
concentrations of DHA and EPA ranging from 17.4 to 145.7 g/100 g fresh tissue (control vs.
3% DM, respectively; Table 7.6.), it can be estimated that a 100 g serving of lamb from
animals supplemented with 3% DM DHA-G could satisfy 21.4% of the recommended daily
intake when considering the highest recommended level (680 mg/d). In comparison, meat
from animals fed the control diet, provided only 2.6% of the recommended daily intake. This
is in agreement with a study by Nudda et al. (2011), which reported that the DHA and EPA
concentration of lamb meat purchased at retail was sufficient to supply 5% of the 680 mg/d
recommended daily. This was based on the DHA and EPA concentration of lamb meat being
1.29% of total FA, a lipid content of 3.5 g/100 g and a total FA content of lamb adipose tissue
of approximately 70% (Alfaia et al., 2007). Similarly, a study by Enser et al. (1996) sampled
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retail cuts of lamb, beef and pork obtained in the UK, the FA composition of which suggested
that these meats could supply 4.6%, 2.6% and 3.1% of recommended intake levels,
respectively. As such, it is evident that supplementation with DHA-G at up to 3% DM
significantly increased the contribution of lamb towards meeting daily DHA and EPA
requirements. Similarly, the levels of DHA, EPA and total n-3 in SM of DHA-G
supplemented animals were in excess of the 30 mg EPA and DHA per 100g serving size and
30 mg of total n-3 FA per serving thresholds, required to enable their classification as n-3
enriched products according to the Australian and New Zealand Food Standards Code (Food
Standards Australia and New Zealand, 2003) and the Canadian Food Inspection Agency
(CFIA, 2011), respectively. The effect the duration of DHA-G supplementation had on tissue
accumulation of these FA is not known as concentrations were only determined at slaughter;
however, it would be worth investigating if this could be shortened or if supplementation
could be provided at a specific stage of growth to obtain similar or perhaps increased tissue
incorporation.
Supplementing fish oil or marine micro-algae has also been shown to inhibit ruminal
biohydrogenation of linolenic and linoleic acids both in vitro (Chow et al., 2004) and in vivo
(Klein and Jenkins, 2011). This results in an accumulation of 18:1 trans FA, predominantly
18:1 t-10 and 18:1 t-11 (vaccenic acid; VA) in rumen fluid, as well as in meat and milk
(AbuGhazaleh and Jenkins, 2004; Shingfield et al., 2011; Toral et al., 2010). Trans-18:1
isomers are important intermediates of linoleic and linolenic acid biohydrogenation, as they
can be converted to conjugated linoleic acid (CLA) c-9, t-11, well known for its
anticarcinogenic and antiatherogenic properties (Boeckaert et al., 2007b). In a study by
Boeckaert et al. (2007a), rumen fluid collected from dairy cows supplemented with DHA-G
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(2% DMI), showed an accumulation of 18:1 t-10 and 18:1 t-11 and 18:2 t-11, c-15 FA and a
marked reduction in 18:0, indicating DHA-G provoked a shift in the biohydrogenation
pathway towards 18:1 t-10. The FA composition of tissues examined in the current study are
in agreement with this, as a linear reduction in the proportion of 18:0 (g/100 g fresh tissue)
was observed (P = 0.003; Table 7.6.) in SM and a numerical reduction in the concentration
of 18:0 was observed in the two adipose tissues (P ≤ 0.20). Concentrations of 18:1 t-10 and
VA (18:1 t-11) were not affected (P ≥ 0.12) in any tissue type, despite the high concentrate
diets. However, an accumulation of 18:2 t-11, c-15 was observed whereby, concentrations
increased quadratically (P = 0.01) in PAT and showed a tendency to increase in SAT (P =
0.06; Table 7.5.). Additionally, total 18:1 trans FA increased (P = 0.02) with increasing
DHA-G in both adipose tissues, indicating a similar shift in biohydrogenation occurred in the
current study. Additionally, no effect was observed on CLA c-9, t-11 in any tissue examined
(P ≥ 0.06). Similar to the current study, no significant changes in the concentration of CLA
isomers in ruminal fluid, were observed in the study by Boeckaert et al. (2007a) when DHA-
G was included at 4.3% in the diet of mid-lactation Holstein–Friesian dairy cows or in
Sinclair et al. (2005) which supplemented fat encapsulated n-3 enriched fish oil at 50 g/kg
DM or marine algae (a dinoflagellate of the class Dinophyceae) in combination with
protected fish oil at 165 and 22 g/kg DM, respectively, to Suffolk x mule wether sheep.
7.4.4. Wool Production
Neither wool production nor quality was affected by dietary inclusion of DHA-G (P
≥ 0.18; Table 7.8.). Similarly, supplementation of fish meal did not affect wool production
of Suffolk lambs (Walz et al., 1998). It is possible that, in lambs bred for growth, nutrients
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are preferentially partitioned towards body growth, rather than wool growth. Similarly, wool
growth is highly influenced by DMI (Hynd and Masters, 2002; Rangel and Gardiner, 2009)
and as such, the uniform DMI in the current study may potentially explain the lack of effect
on wool growth and quality.
7.5. Conclusion
Supplementing diets with DHA-G did not affect production or intake parameters of
finishing Canadian Arcott lambs. However, supplementation increased concentrations of
both EPA and DHA in both subcutaneous and perirenal adipose tissues, in addition to skirt
muscle, supporting our initial hypothesis that the inclusion of micro-algae in growing lamb
diets would alter bodily fatty acid composition. Additionally, DHA-G increased the total n-
3 content of all tissue types and consequently caused a reduction of the n-6/n-3 ratio. The
accumulation of DHA and EPA in skirt muscle of animals supplemented with 3% DM DHA-
G was such that, a 100 g serving of lamb could supply 21.4% of recommended daily intake
levels for humans, compared to the control which was only able to supply 2.6%, suggesting
that dietary supplementation with a marine algae can contribute to meeting daily DHA and
EPA intake requirements.
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Tables
Table 7.1. Ingredients and chemical composition of diets (n = 4; mean ± SEM)
DHA-G1, % DM
Item 0 1 2 3
Ingredients, %
Barley, steam rolled 46.32 45.67 45.00 44.37
Oat Hulls 10.0 10.0 10.0 10.0
Beet pulp 9.0 9.0 9.0 9.0
Beet molasses 2.50 2.50 2.50 2.50
Alfalfa hay (fine chop) 27.5 27.5 27.5 27.5
Calcium carbonate 1.80 1.80 1.80 1.80
Flax oil 1.05 0.70 0.37 0.00
DHA-G 0.00 1.00 2.00 3.00
Sheep Mineral2 1.30 1.30 1.30 1.30
Feed Pellet Binder 0.50 0.50 0.50 0.50
Vitamin A, D, E3 0.025 0.025 0.025 0.025
Chemical composition
DM 89.9 ± 1.69 91.0 ± 0.14 90.6 ± 0.54 91.2 ± 0.45
CP, % DM 13.0 ± 0.35 13.2 ± 0.50 13.4 ± 0.73 13.0 ± 0.70
NDF, % DM 23.0 ± 1.42 28.5 ± 0.54 27.3 ± 0.79 28.1 ± 1.26
ADF, % DM 19.3 ± 0.94 19.7 ± 0.96 20.3 ± 1.18 19.8 ± 0.46
Ether extract, % DM 6.1 ± 0.02 6.3 ± 0.54 6.3 ± 0.51 6.5 ± 0.08
NFC4, % DM 44.3 ± 1.37 43.1 ± 0.31 44.0 ± 1.60 43.9 ± 1.24
Ash, % DM 9.4 ± 0.34 8.9 ± 0.01 8.6 ± 0.21 8.3 ± 0.38
1DHA-G: DHA-Gold®
2Sheep mineral consisted of salt (92.7%), Dynamate (5.0%), zinc sulphate (0.9%),
manganese sulphate (0.8%), canola oil (0.4%), and selenium premix (0.1%).
Percentages are given on a DM basis.
3Containing vitamin A (10 000 000 IU/kg); vitamin D (1 000 000 IU/kg); and vitamin E
(10 000 IU/kg).
4NFC, nonfibrous carbohydrates [NFC = 100 − (CP + NDF + EE + ash)].
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Table 7.2. Fatty acid profile of dietary treatments (n = 4)
DHA-G1, % DM
Composition, g/100 g
total FAME 0 1 2 3
16:0 11.83 14.04 17.36 19.58
18:0 3.02 2.73 2.16 1.77
18:2 c,c 29.57 43.00 24.25 34.45
18:3n-3 27.04 12.82 12.57 10.78
20:5n-3 (EPA) 0.25 0.16 0.66 0.31
22:6n-3 (DHA) 0.21 4.45 11.71 15.02
MUFA2 24.69 20.79 14.96 18.72
PUFA 58.88 59.87 49.43 55.37
SFA 16.43 19.35 35.61 25.91
UFA 83.57 80.65 64.39 74.09
1DHA-G: DHA-Gold®
2MUFA; monounsaturated fatty acid
Table 7.3. Effects of increasing concentrations of DHA-G in the diet (0, 1, 2 and 3%
DM) on growing Canadian Arcott lamb performance (n = 11)
P-value
DHA-G content1, % DM Contrast2
0 1 2 3 SEM T Lin Q Cub
Initial BW,
kg 19.1 19.4 19.2 20.0 1.01 0.94 0.63 0.82 0.75
Final BW, kg 43.0 46.1 44.3 45.0 2.02 0.77 0.65 0.57 0.42
DMI, g/d 993 1113 1117 1113 54.6 0.36 0.16 0.28 0.66
ADG, g 184.9
206.
5
194.
4
194.
0 11.66 0.65 0.78 0.37 0.39
G:F, g LW
gain/g DMI 0.19 0.19 0.17 0.17 0.047 0.38 0.54 0.80 0.11
1DHA-G: DHA-Gold®
2Contrasts: Lin = linear; Q = quadratic; Cub = cubic.
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Table 7.4. Effects of increasing concentrations of DHA-G on carcass characteristics of
Canadian Arcott lambs (n = 11)
DHA-G content1, % DM
P-value
Contrast2
0 1 2 3 SEM T Lin Q Cub
Hot Carcass weight, kg 22.2 24.4 23.4 23.1 0.69 0.20 0.57 0.09 0.21
Dressing, % 50.9 51.2 51.0 51.1 0.89 1.00 0.97 0.91 0.86
Body wall thickness3, mm 16.1 21.2 18.8 17.4 1.18 0.02 0.79 0.01 0.10
Muscle score4
Leg 2.73 3.08 3.08 2.82 0.12 0.11 0.64 0.02 0.87
Back 3.00 3.17 3.25 2.91 0.10 0.08 0.68 0.02 0.44
Shoulder 3.36 3.33 3.42 3.36 0.15 0.98 0.90 0.94 0.70
Carcass value ($/kg)5 7.89 7.25 7.73 7.65 0.30 0.50 0.86 0.37 0.22
Liver weight, kg 0.69 0.79 0.93 1.01 0.04 <.001 <.001 0.79 0.50
Rumen pH 6.22 6.06 6.20 6.27 0.13 0.70 0.63 0.37 0.54
Rumen weight, kg 5.71 5.44 5.80 5.26 0.25 0.42 0.38 0.59 0.18
1DHA-G: DHA-Gold®
2Contrasts: Lin = linear; Q = quadratic; Cub = cubic.
3Body wall thickness: measurement of carcass muscling, measured between 12th and 13th
rib, 11 cm from the carcass midline.
4Muscle score: values range from 0 to 5, with 5 being the highest quality; scores greater
than 2.0 qualify the carcass as AAA quality by Canadian standards.
5Carcass value ($/kg) was determined using muscle scores and body wall thickness, where
higher body wall thickness and muscle scores result in a higher carcass value.
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Table 7.5. Effect of increasing concentrations of DHA-G on the fatty acid profiles of subcutaneous
adipose tissue (SAT) in growing lambs
P-value
DHA-G content, % DM Contrast1
Component 0 1 2 3 SEM T Lin Q C
SFA, mg/100 g fresh tissue
18:0 2331 2560 2617 3145 389.7 0.36 0.10 0.82 0.67
22:0 6.8 11.9 18.5 25.1 1.91 <.01 <.01 0.68 0.86
Total SFA 8769 10947 11689 13487 1562.1 0.20 0.04 0.91 0.74
MUFA, mg/100 g fresh tissue
18:1 t-6-8 79.2 48.1 48.0 51.3 14.02 0.34 0.18 0.23 0.67
18:1 t-9 86.4 77.2 109.0 107.6 18.98 0.57 0.26 0.84 0.40
18:1 t-10 634 756 861 985 198.5 0.64 0.20 1.00 0.97
18:1 t-11 1082 1923 2446 1887 374.9 0.13 0.09 0.07 0.66
18:1 c-9 5525 6974 7421 8414 893.9 0.15 0.03 0.80 0.70
18:1 c-15 53.8 37.1 39.1 34.7 6.11 0.16 0.05 0.33 0.38
20:1 372.1 271.1 255.4 191.2 36.62 0.96 0.62 1.00 0.85
Total MUFA 7603 10389 11814 12019 1293.6 0.07 0.01 0.32 0.98
PUFA, mg/100g fresh tissue
18:2 t-11, c-15 197.4 362.6 382.8 252.8 54.15 0.06 0.45 0.01 0.98
18:2n-6 517 499 598 588 108.6 0.89 0.53 0.97 0.65
18:3n-3 30.3 40.9 43.4 47.9 5.45 0.15 0.03 0.58 0.68
CLA c-9, t-11 170.7 343.7 386.7 292.2 56.02 0.06 0.11 0.02 0.98
CLA t-10, c-12 10.1 14.0 13.7 16.3 2.34 0.30 0.08 0.78 0.50
20:5n-3 (EPA) 17.4 23.3 61.9 87.2 10.38 <.01 <.01 0.39 0.38
22:5n-3 (DPA) 29.3 49.3 81.5 96.1 13.55 0.01 <.01 0.84 0.63
22:6n-3 (DHA) 20.7 126.9 372.0 359.9 61.49 <.01 <.01 0.41 0.07
Total PUFA 1202 1729 2177 2010 253.0 0.05 0.02 0.19 0.65
Total UFA2 8805 12326 13991 14273 1563.6 0.07 0.01 0.30 0.95
SFA/PUFA 7.5 6.8 5.9 6.3 0.47 0.10 0.03 0.24 0.50
Trans FA3 2062 3162 3864 3339 335.2 <.01 <.01 0.03 0.62
n-34 122.4 257.1 615.6 646.8 88.91 <.01 <.01 0.59 0.22
18:1 trans5 1881 2805 3464 3031 242.2 <.01 <.01 <.01 0.33
n-6/n-3 219.4 32.4 45.4 44.3 16.88 <.01 <.01 <.01 0.01
1Contrasts: Lin = linear; Q = quadratic; C = cubic. When fixed effects of diet are not significant (P >
0.05), values for contrasts are not reported.
2UFA: unsaturated fatty acids = MUFA + PUFA.
3trans FA = 18:1 t-6-8 + 18:1 t-9 + 18:1 t-10 + 18:1 t-11 + 18:2 c-9, t-11 (CLA) + 18:2 t-10, c-12
(CLA).
4n-3 FA = 18:3 + EPA + DHA + DHA.
518:1 trans = 18:1 t-6-8 + 18:1 t-9 + 18:1 t-10 + 18:1 t-11 (VA).
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Table 7.6. Effect of increasing concentrations of DHA-G on the fatty acid profiles of skirt muscle
(SM)
P-value
DHA-G content, % DM Contrast1
Component 0 1 2 3 SEM T Lin Q C
SFA, mg/100 g fresh tissue
18:0 3523 2912 2242 2158 292.35 0.02 0.00 0.41 0.63
22:0 11.2 13.6 11.5 14.1 1.70 0.62 0.44 0.96 0.26
Total SFA 9847 8095 6204 7010 979.09 0.06 0.02 0.18 0.48
MUFA, mg/100 g fresh tissue
18:1 t-6-8 31.4 16.0 13.4 17.9 4.10 0.07 0.52 0.35 0.76
18:1 t-9 34.3 23.6 17.6 19.4 4.13 0.05 0.01 0.14 0.85
18:1 t-10 228.4 188.9 155.8 111.1 34.99 0.24 0.04 0.95 0.91
18:1 t-11 383.8 496.0 312.9 264.9 69.83 0.16 0.15 0.31 0.19
18:1 c-9 6691 5171 4799 4885 718.33 0.30 0.11 0.30 0.84
18:1 c-15 57.7 27.7 25.2 25.4 4.78 <.01 <.01 0.01 0.26
20:1 292.2 184.5 130.5 153.2 25.78 <.01 <.01 0.02 0.84
Total MUFA 8906 8123 5988 6571 914.38 0.17 0.06 0.50 0.35
PUFA, mg/100g fresh tissue
18:2 t-11, c-15 185.6 223.2 178.2 111.4 37.74 0.33 0.20 0.23 0.73
18:2n-6 605.4 417.9 398.3 451.2 73.68 0.29 0.22 0.15 0.78
18:3n-3 36.5 27.5 24.6 24.9 3.23 0.09 0.03 0.20 0.85
CLA c-9, t-11 140.1 205.4 100.3 119.9 28.53 0.09 0.28 0.48 0.04
CLA t-10,c-12 12.6 10.6 10.2 11.3 1.87 0.79 0.61 0.38 0.99
20:5n-3 (EPA) 8.4 9.1 17.9 32.1 3.34 <.01 <.01 0.05 0.85
22:5n-3 (DPA) 29.0 40.1 46.1 61.3 5.81 0.01 <.01 0.75 0.60
22:6n-3 (DHA) 9.0 50.0 58.3 113.7 12.41 <.01 <.01 0.56 0.15
Total PUFA 1545 1351 1147 1316 181.21 0.60 0.35 0.37 0.65
Total UFA2 10340 9474 7718 7886 1142.40 0.36 0.11 0.67 0.58
SFA/PUFA 6.4 6.0 5.8 5.5 0.37 0.57 0.16 0.87 0.86
Trans FA3 831 940 610 545 231.42 0.56 0.37 0.51 0.42
n-34 61.3 77.1 100.0 188.3 17.53 <.01 <.01 0.05 0.47
18:1 trans5 678 724 500 413 201.91 0.44 0.46 0.23 0.49
n-6/n-3 209.7 55.3 42.0 42.1 18.64 <.01 <.01 <.01 0.15
1Contrasts: Lin = linear; Q = quadratic; C = cubic. When fixed effects of diet are not significant (P
> 0.05), values for contrasts are not reported.
2UFA: unsaturated fatty acids = MUFA + PUFA.
3trans FA = 18:1 t-6-8 + 18:1 t-9 + 18:1 t-10 + 18:1 t-11 + 18:2 c-9, t-11 (CLA) + 18:2 t-10, c-12
(CLA).
4n-3 FA = 18:3n-3 + EPA + DHA + DHA.
518:1 trans = 18:1 t-6-8 + 18:1 t-9 + 18:1 t-10 + 18:1 t-11 (VA).
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Table 7.7. Effect of increasing concentrations of DHA-G on the fatty acid profile on perirenal
adipose tissue (PAT)
P-value
DHA-G content, % DM Contrast1
Component 0 1 2 3 SEM T Lin Q Cub
SFA, mg/100 g fresh tissue
18:0 5492 4381 4796 4979 505.75 0.47 0.25 1.68 0.63
22:0 12.3 12.7 16.2 20.0 2.59 0.15 0.03 0.52 0.83
Total SFA 12450 11162 10984 11941 1063.16 0.78 0.73 0.32 1.00
MUFA, mg/100 g fresh tissue
18:1 t-6-8 140.2 86.7 71.8 68.4 17.03 0.02 0.01 0.16 0.73
18:1 t-9 138.5 122.4 80.6 118.2 20.47 0.30 0.27 0.21 0.28
18:1 t-10 876 1373 1029 1339 268.42 0.48 0.38 0.72 0.21
18:1 t-11 1647 2632 2515 2656 384.19 0.28 0.13 0.32 0.47
18:1 c-9 6081 4746 5809 5249 480.46 0.27 0.53 0.45 0.09
18:1 c-15 66.1 36.2 32.3 27.6 5.51 <.01 <.01 0.04 0.30
20:1 372.1 271.1 255.4 191.2 36.62 0.02 0.00 0.63 0.43
Total MUFA 9392 8061 8998 8888 840.85 0.74 0.88 0.49 0.41
PUFA, mg/100g fresh tissue
18:2 t-11,c-15 236.6 356.6 420.4 262.5 45.97 0.04 0.51 0.01 0.44
18:2 n-6 764.0 726.3 602.4 693.2 73.42 0.54 0.34 0.42 0.40
18:3 n-3 46.1 45.2 47.9 49.8 5.30 0.92 0.55 0.79 0.85
CLA c-9-t11 129.9 137.3 174.7 143.7 24.49 0.60 0.48 0.44 0.38
CLA t-10-c-12 10.7 12.8 13.7 10.9 2.54 0.78 0.90 0.32 0.82
20:5 (EPA) 15.0 19.3 25.1 46.0 5.16 <.01 <.01 0.10 0.82
22:5 (DPA) 28.6 43.6 75.3 93.3 11.91 <.01 <.01 0.90 0.58
22:6 (DHA) 9.5 89.8 105.5 202.4 24.77 <.01 <.01 0.76 0.27
Total PUFA 1455 1602 1655 1751 172.44 0.72 0.26 0.89 0.87
Total UFA2 10921 9663 10653 10639 983.97 0.82 0.97 0.55 0.49
SFA/PUFA 8.4 7.2 7.0 6.5 0.42 0.03 <.01 0.46 0.49
Trans FA3 2942 4364 388 4336 336.70 0.01 <.01 0.27 0.41
n-34 108.3 210.5 217.7 455.8 55.19 <.01 <.01 0.22 0.21
18:1 trans5 2801 4214 3696 4181 300.85 0.02 <.01 0.39 0.44
n-6/n-3 286.8 114.3 71.6 66.6 18.52 <.01 <.01 <.01 0.34
1Contrasts: Lin = linear; Q = quadratic; Cub = cubic. When fixed effects of diet are not significant
(P > 0.05), values for contrasts are not reported.
2UFA: unsaturated fatty acids = MUFA + PUFA.
3trans FA = 18:1 t-6-8 + 18:1 t-9 + 18:1 t-10 + 18:1 t-11 + 18:2 c-9, t-11 (CLA) + 18:2 t-10, c-12
(CLA).
4n-3 FA = 18:3n-3 + EPA + DHA + DHA.
518:1 trans = 18:1 t-6-8 + 18:1 t-9 + 18:1 t-10 + 18:1 t-11 (VA).
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Table 7.8. Effects of DHA-G on wool production and quality parameters of Canadian Arcott lambs
(n = 11)
DHA-G content, % DM
P-value
Contrast1
0 1 2 3 SEM T Lin Q Cub
Yield, % 62.0 61.4 61.9 63.1 1.30 0.84 0.54 0.50 0.92
Length, mm 64.9 62.1 61.6 64.5 2.14 0.65 0.87 0.21 0.74
FD2, m 28.3 27.6 28.8 28.1 0.60 0.61 0.82 0.99 0.19
FDSD3, m 6.3 6.0 6.6 6.2 0.24 0.29 0.80 0.92 0.06
FDCV4, % 22.3 21.7 23.0 22.1 0.62 0.48 0.79 0.86 0.13
Fibres > 30.5 mm, % 33.4 29.6 37.2 32.9 3.79 0.57 0.73 0.95 0.18
Curvature, deg/mm 91.0 96.5 89.2 88.0 3.04 0.18 0.23 0.26 0.14
Spinning Fineness, m 27.9 27.1 28.5 27.7 0.69 0.45 0.80 0.98 0.11
1Contrasts: Lin = linear; Q = quadratic; Cub = cubic.
2FD, fibre diameter.
3FDSD, fibre diameter standard deviation.
4FDCV, fibre diameter coefficient of variation.
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Chapter 8
Effect of diet on microRNA expression in ovine subcutaneous and visceral
adipose tissues1
1 This chapter has been published in full: Meale, S. J., Romao, J. M., He, M. L., Chaves, A.
V., McAllister T. A., Guan, L. L. 2014 Effect of Diet on MicroRNA Expression in
Ovine Subcutaneous and Visceral Adipose Tissues. J. Anim. Sci. In Press
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8.1. Abstract
Knowledge of the molecular mechanisms which regulate ovine adipogenesis is very limited.
MicroRNAs (miRNAs) have been reported as one of the regulatory mechanisms of
adipogenesis. The current study aimed to compare the expression of miRNAs related to ovine
adipogenesis in different adipose depots and to investigate whether their expression is
affected by dietary fatty acid composition. We also investigated the role of miRNA in
adipogenic gene regulation. Subcutaneous and visceral adipose tissue samples were collected
at slaughter from twelve Canadian Arcott lambs fed a barley-based finishing diet where an
algae meal (DHA-G, Schizochytrium spp.) replaced flax oil and barley grain at 0 or 3% DM
(n = 6). Total RNA from each tissue was subjected to qRT-PCR analysis to determine the
expression of 15 selected miRNAs including 11 identified from bovine adipose tissues and 4
conserved between bovine and ovine species. miRNAs were differentially expressed
according to diet in each tissue depot (miR-142-5p and -376d in visceral and miR-142-5p, -
92a and -378 in subcutaneous adipose tissue; P ≤ 0.05) and in each tissue depot depending
on diet (miR-101, -106, -136, -16b, -196a-1, -2368*, -2454, -296, -376d, -378 and -92a in
both control and DHA-G diets, and miR-478 in control; P ≤ 0.05). Six miRNA were
subjected to functional analysis and three genes of interest (ACSL1, PPARα and CEPBα)
were validated by qRT-PCR. Both diet and tissue depot affected expression levels of all three
genes (P < 0.05). miR-101, -106 and -136 were negatively correlated with their respective
predicted gene targets C/EBPα, PPARα and ACSL1 in subcutaneous adipose tissue of lambs
fed DHA-G. Yet, miR-142-5p and miR-101 showed no correlation with ACSL1 or C/EBPα.
The variability in expression patterns of miRNA’s across adipose depots reflects the tissue
specific nature of adipogenic regulation. Although the examined miRNAs appear to be
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conserved across ruminant species, our results indicate the presence of ovine specific
regulatory mechanisms which can be influenced by diet.
Key words: diet, miRNA, ovine adipogenesis, qRT-PCR
8.2. Introduction
Understanding the molecular mechanisms which regulate ruminant adipogenesis is
important for efficient animal production and the development of desirable meat
characteristics. Adipogenesis is a complex process involving the differentiation of
preadipocytes or mesenchymal stem cells into mature adipocytes, with the ability to
assimilate lipids (Large et al., 2004; Romao et al., 2011). Recent molecular based approaches
have expanded our knowledge of the impact of diet in regulating bovine adipogenesis
(Dahlman et al., 2005; Joseph et al., 2010). Studies examining the effects of dietary energy
density on mRNA expression (Dahlman et al., 2005; Joseph et al., 2010) or the effects of
dietary lipid content on miRNA expression in various adipose tissue depots (Romao et al.,
2012) have suggested that the molecular mechanisms regulating bovine adipogenesis differ
from those of other mammalian species including humans (Esau et al., 2004), mice (Esau et
al., 2006; Krutzfeldt et al., 2005), and pigs (Wang et al., 2011). Thus, is it clear that although
adipogenic miRNAs are conserved across species, owing to the importance of adipose tissues
in maintaining energy balance and as an endocrine organ (Kim et al., 2006) in a number of
eukaryotes, the molecular mechanisms underlying its regulation are highly species specific
(Esau et al., 2004; Jin et al., 2010; Romao et al., 2012; Teleman et al., 2006; Xu et al., 2003).
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MicroRNA (miRNA) are small (19-24 nt) single-stranded RNAs that negatively
regulate post-transcriptional gene expression, through the recognition of complimentary
sequences between miRNAs and their target genes (Krutzfeldt and Stoffel, 2006; Lee et al.,
2006). Such regulatory roles appear to be spatiotemporal, suggesting that miRNAs are
specific to each tissue (Horrocks and Yeo, 1999). Knowledge of the specific mechanisms
regulating adipogenesis in ruminant tissues could facilitate the manipulation of production
such that, meat quality is enhanced. A recent study by Parra et al. (2010) indicated that the
regulation of adipogenic genes by miRNA can be influenced by the dietary concentration of
fatty acids (FA) in mice. With increasing knowledge of the health benefits of n-3 fatty acids
and their resultant inclusion in ruminant diets, an understanding of how this dietary shift
influences adipogenesis, is warranted. To date, the specific mechanisms which regulate ovine
adipogenesis have not been identified. As such, the present study was conducted to examine
the effects of DHA-G, an algae-based supplement high in the long chain n -3 FA DHA, on
the expression of 15 miRNAs in subcutaneous and visceral adipose tissues and to identify
the predicted gene targets they may regulate.
8.3. Materials and Methods
8.3.1. Animal Study and Sample Collection
Twelve Canadian Arcott ewe and ram lambs, initial live weight 20.3 ± 3.89 kg, aged
3 to 4 months, were used in this experiment. Animals were housed individually and cared for
in accordance with the guidelines of the Canadian Council on Animal Care (1993). The
protocol was approved by the Lethbridge Research Centre Animal Care Committee (Permit
#1135). Experimental diets (Table 8.1.) were offered daily at 0900 h for 140 d with water
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continuously available. Orts were recorded weekly. Diets consisted of a barley-based
finishing diet where an algae meal (DHA-Gold, Schizochytrium spp.; Martek Biosciences
Corporation, MD, USA) replaced flax oil and barley grain at 0 (control diet; Table 8.1.) or
3% DM DHA-Gold (DHA-G; n = 6). Treatments were formulated to be isolipidic according
to Small Ruminant Nutrition System (Cannas et al., 2004). Body weight, daily feed intake
(DMI), average daily gain (ADG) and carcass characteristics were determined throughout
the trial and recorded elsewhere (Meale et al., 2014). Approximately 5 g of subcutaneous
(back fat; SAT) and visceral (perirenal fat; PAT) adipose tissue was excised from each animal
at slaughter, immediately frozen in liquid nitrogen and stored at -80oC until analysed.
8.3.2. Lipid Extraction
Samples were freeze dried and homogenized using a food processor then transferred
to folded filter paper (125 mm, Whatman, No. 1). Fatty acids were extracted with diethyl
ether (Sigma- Aldrich CHROMASOLV@, St. Louis, Mo, USA) using the Goldfisch
Apparatus (Laboratory construction Co., Kansas City, Mo. USA) as described by Mir et al.
(2003) with the exception that all fat was extracted after 4-5 h. Residual extracted lipids were
rinsed with ether and stored at -20°C for methylation and determination of FA profiles. Diet
samples were ground through a 1 mm screen and weighed (2 g) into filter paper bags,
extraction was conducted with diethyl ether for a minimum of 4 h as described above for
tissue samples (Table 8.2.).
8.3.3. Methylation and Determination of Fatty Acids
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A combined base/acid methylation method (Kramer et al., 1997) with modifications
as described by (He et al., 2009) was used for FA analysis. Nonadecanoic acid (19:0) methyl
ester (100 mL, 5.96 mg/mL hexane Nu-Chek Prep, Inc., MN, USA) was used as an internal
standard with 2 mL of sodium methoxide (0.5 mmol/L in methanol) added to each tube. The
tubes were flushed with ultra-high purity nitrogen gas for 5 sec and mixed using a vortex and
placed in a water bath at 50oC. After 10 min, 1 mL of boron trifluoride (14% in methanol)
was added and tubes were reheated at 50oC bath for another 10 min. After cooling, 5 mL
water and 2 mL hexane were added to each tube and the mixture vortexed. Samples were
allowed to stand for 10 min and the upper layer (hexane) was transferred to a GC vial flushed
with nitrogen for FA determination by gas chromatography. Fatty acid methyl esters (FAME)
were quantified using a gas chromatograph (Hewlett Packard GC System 6890; Mississauga,
ON) equipped with a flame ionization detector and SP-2560 fused silica capillary column
(75 m × 0.18 mm × 0.14 μm; Supelco Inc., Oakville, Ontario, Canada). To obtain FA profiles,
hexane extracts (1 μL) were injected using a 20:1 split. The initial oven temperature (55ºC)
was held for 5 min, increased by 15ºC/min to 155ºC, held for 56 min, and increased at
10ºC/min to 240ºC at which point it was allowed to stand for an additional 15 min. Hydrogen
was used as the carrier gas (head pressure 16.3 psi and flow rate of 0.3 mL/min) and helium
was used as the make-up gas (10 mL/min). Chromatographic peaks representing 10:0, 12:0,
14:0, 15:0, 16:0, 16:1 c-9, 17:0, 18:0, 18:1 t-6-11, 18:1 c-9, 18:1 c-11, 18:1 c-15, 18:2 t-11,
c-15, 18:2 c-9, c-12, 18:3 c-9, c-12, c-15, CLA c-9, t-11 and t-10, c-12 and non-conjugated
dienes from 18:3 (NCD; sum of 18:2 c-9, t-13; 18:2 t-8, c-12; 18:2 c-9, t-12; and 18:2 t-8, c-
13, 18:4, 20:0, 20:1, 20:5, 22:0 and 22:6 were identified and quantified using pure methyl
ester standards (Sigma-Aldrich Inc.; He et al., 2012).
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8.3.4. RNA Extraction
Total RNA was extracted from adipose tissue samples by homogenising with
TRIZOL® (TRI reagent, Invitrogen, Carlsbad, CA, USA) following the manufacturer’s
instructions for high fat samples. The concentration of total RNA was determined using the
NANODROP® spectrophotometer ND-1000 (Thermo Scientific, Waltham, MA, USA) and
RNA integrity was measured using the Agilent TapeStation® 2200 (Agilent Technologies,
Deutschland GmBH, Waldbronn, Germany). Samples with an RNA integrity number (RIN)
>7.5 were subjected to qRT-PCR.
8.3.5. Selection of miRNAs for qRT-PCR
A total of fifteen candidate miRNAs were selected for expression analysis using qRT-
PCR. Due to the limited number of ovine miRNA identified and with their roles largely
unknown, this study used the miRNAs previously reported to be expressed in bovine adipose
tissues (using both microarray and qRT-PCR data) as well as the information from the ovine
miRNA database (miRbase 18) to identify potential candidates. The selection of candidates
was based on the results of Romao et al. (2012) which examined the role of molecular
regulation in bovine adipogenesis. Considering the conserved nature of miRNAs among
mammalian species, we speculated that miRNA within ruminants would display a high
degree of similarity in terms of adipogenesis. Thus, miRNAs quantified by qRT-PCR in
Romao et al. (2012) and involved in the regulation of bovine adipogenesis (miR-101, -106, -
142-5p, -16b, -196a-1, 196a-2, -19a, -2368*, -2454, 296 and -92a) were examined in the
current study, to investigate their potential role in ovine adipogenesis.
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An additional four miRNAs (miR-378, -376d, -487b and -136) were selected by
referencing known sequences of reported bovine (miRBase, version 18) and ovine miRNA
sequences identified by Barozai (2012), in conjunction with their altered expression
according to either diet or bovine adipose depot based on microarray data from Romao et al.
(2012). Once a match was found, those with known involvement in adipogenesis (as
determined by functional analysis) were selected for qRT-PCR analysis to determine their
presence and expression in ovine adipose tissue.
8.3.6. miRNA Expressions by qRT-PCR
The expression of 15 candidate miRNAs (miR-101, -106, -136, -142-5p, -16b, -19a,
-196a-1, -196a-2, -2368*, -2454, -296, -376d, -378, -487b and -92a) was determined using
the TAQMAN® miRNA assay according to the manufacturer’s recommendations (Applied
Biosystems, Foster City, CA, USA). Briefly, cDNAs were reverse transcribed from 10 ng of
total RNA using 5X specific miRNA RT primer and were amplified using a 20× TAQMAN®
miRNA assay. Fluorescence signal was detected with an ABI STEPONEPLUS real-time
PCR system detector® (Applied Biosystems). A total of 24 samples from four different
treatment combinations (2 diets × 2 tissue types) were used for qRT-PCR analysis,
considering 6 biological replicates per group and 3 technical replicates per reaction. Bta-
miR-103a was selected as the reference miRNA due to its stable expression among all lambs
with respect to both tissue depots and diets.
8.3.7. miRNA Target Prediction and Functional Analysis
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Of the 15 candidate miRNAs, 6 were subjected to further analysis to predict the genes
that they may possibly regulate. Each miRNA was submitted to the TargetScan® Release 6.2,
customized specifically for bovines as no ovine data was previously available in the database.
The prediction results were ranked according to context scores and site conservation (Garcia
et al., 2011). The top 100 predictions for each miRNA were analysed through IPA
(Ingenuity® Systems, www.ingenuity.com) to identify genes expressed in adipose tissue.
These genes were then subjected to an IPA Core Analysis to identify the function of their
translation product. Right-tailed Fisher’s exact test was used to calculate a p-value and
determine the probability that each biological function assigned to that data set was due to
chance.
8.3.8. Validation of miRNA Target Genes by qRT-PCR
Three candidate mRNAs were selected for quantification via qRT-PCR. Each PCR
reaction (20µL) consisted of 20 ng of template cDNA, 2× SYBR Green I Master Mix buffer
(10 μL, Applied Biosystems, Foster City, CA), and 300 nM forward and reverse primers.
Fluorescence signal was detected with an ABI STEPONEPLUS real-time PCR detector®
(Applied Biosystems) using the following reaction conditions: 2 min at 50°C, 10 min at 95°C,
40 cycles of 15 s at 95°C and 1 min at 60°C. A total of 24 samples from 4 different group
combinations (2 diets × 2 tissue types) were used for qRT-PCR analysis, considering 6
biological replicates per group and 3 technical replicates per reaction. Beta-actin was selected
as reference gene in this study due to its stable expression among all lambs across diets, as
determined by qRT-PCR.
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8.3.9. Statistical Analysis
Dry matter intake, ADG, feed efficiency and carcass characteristics were analysed as
a completely randomized design using the proc MIXED procedure of SAS (2013). Means
were compared using the LSMEANS/DIFF with treatments as fixed terms; lambs nested
within treatment as a random effect and week as a repeated measure. Repeated measures
analyses with the minimum values of AIC (Akaike’s Information Criterion) were used for
selection of covariance structure. Fatty acid data were analysed using a model similar to that
described above, but excluding week as a repeated measure. Initial sheep weight was used as
a covariate.
The miRNA expressions from qRT-PCR were tested for normality and equal
variances and analysed using the proc MIXED procedure of SAS (2013). Linear relationships
between key variables were tested using Pearson’s correlation coefficients. The analysis was
performed using SAS (2013). Significance was declared at P < 0.05.
8.4. Results
The effect of DHA supplementation on performance parameters, carcass traits, and
FA profiles of adipose tissues has been previously described in Meale et al. (2014; Ch.7).
8.4.1. MiRNA Expression
Expression of the fifteen selected miRNAs varied considerably (P < 0.05) when
compared across the two diets and tissue depots. The expression of miR-142-5p was 2.5 fold
higher in subcutaneous adipose tissue and 2.8 fold higher in visceral adipose tissue in lambs
fed DHA-G, than in those fed the control diet (Fig. 8.1.). Expression of miR-92a, -378 and -
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487 was 2.1, 1.7 and 1.7 fold higher, respectively, in the control diet; however, this increase
was only observed in subcutaneous adipose tissue. Similarly, expression of miR-376d in
visceral adipose tissue was 2.1 fold higher in the control diet than the DHA-G diet, yet no
change was observed in subcutaneous adipose tissue (P > 0.05). Differential expression of
miRNA in relation to tissue depot was observed in 12 out of 15 selected miRNAs (P < 0.05;
Fig. 8.1.). miR-16b and miR-101 expression was higher in visceral, compared to
subcutaneous adipose tissue (6.5 fold in control and 6.9 fold in DHA diet; 5.8 fold in control
and 8.7 fold in DHA diet, respectively). The expression of nine miRNAs (miR-92a, -106, -
136, -196a-1, -2368*, -2454, -378, -376d and -296) was notably higher (P > 0.05) in
subcutaneous than visceral adipose tissue. Increases ranged from a low of 3.4 fold in the
control diet and 2.0 fold in the DHA diet for miR-196a-1, to a high of 27.1 fold in control
and 36.4 fold in the DHA diet for miR-376d (Fig. 8.1.). Expression of miR-196a-2 and miR-
19a was unaffected by either diet or tissue depot (P > 0.05).
8.4.2. MiRNA Predicted Targets and Functional Analysis
Functional analysis was conducted for the predicted gene targets of the miRNAs
showing differences either with diet (miR-142-5p and -487b) or between tissues (miR-101, -
106, -136 and -378). A total of 89 bovine genes, with functions related to lipid metabolism
or adipogenesis were predicted to be targets of these six miRNAs (Table S8.1). The number
of predicted gene targets varied among the miRNAs with a high of 36 predicted for miR-106
and a low of two for miR-487b. The majority of gene targets (78 out of 89) were predicted
to be regulated by only one miRNA, while 11 were predicted to be regulated by two.
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Figure 8.1. Expression of miRNAs by qRT-PCR. MicroRNA expression is presented for the following
treatments on the horizontal axis: Control diet/Subcutaneous fat (C/SAT), DHA-Gold
diet/Subcutaneous fat (DHA/SAT), Control diet/Visceral fat (C/PAT) and DHA-Gold diet/Visceral fat
(DHA/PAT). a, b, c - Columns with different letters differ significantly (P < 0.05). Data are presented
as Mean ± SD
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Functional analysis using IPA software identified the biological functions relevant to
the 89 predicted target genes (Table 8.3.). A total of 13 of these biological functions were
related to adipogenesis or adipose tissue physiology, with 10 classified as related to lipid
metabolism and three to connective tissue development and function. Some functions were
more prevalent than others, for example, differentiation of adipocytes accounted for 43.8%
of the total predicted genes.
8.4.3. Expression of Predicted Target Genes
Of the 89 predicted target genes, three were selected for qRT-PCR analysis based on
their roles in lipid metabolism and synthesis. These included acyl-CoA synthetase long-chain
family member 1 (ACSL1), periosome proliferator-activated receptor α (PPARα) and
CCAAT/enhancer-binding protein α (C/EBPα). Despite PPARγ being identified as a major
regulator of adipogenesis, it has been reported that dietary DHA inclusion does not influence
its expression (Chambrier et al., 2002; Sun et al., 2011). As such, we chose to examine
PPARα, another key regulator in adipogenesis (Georgiadi and Kersten, 2012). The
expression of all three genes was affected by diet (P ≤ 0.02) and tissue depot (P < 0.01; Fig.
8.2.). With DHA-G supplementation, C/EBPα and PPARα were down-regulated in
subcutaneous adipose tissue, whereas, ACSL1 was down-regulated in both subcutaneous and
visceral adipose tissues. Changes in the expression of ASCL1 were 53.8 fold higher in the
subcutaneous adipose tissue of lambs fed DHA-G, compared to those fed the control diet
(Fig. 8.2.). However, the difference in expression of ACSL1 between lambs fed DHA-G
versus control diets was only 1.6 fold in visceral adipose tissue. Comparatively, the
expression of all three genes was down-regulated in visceral, as compared to subcutaneous
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adipose tissue in lambs fed the control diet (Fig. 8.2.). Yet, the supplementation of DHA-G
at 3% DM up-regulated expression of ACSL1, C/EBPα and PPARα in subcutaneous as
compared to visceral adipose tissue.
Comparisons of miRNA expression to their predicted target mRNAs revealed no
correlation between miR-101 and its predicted target C/EBPα across fat depots or diets, yet
a negative correlation was observed between PPARα and miR-101 in the subcutaneous
Figure 8.2. Gene expression by qRT-PCR. Changes in gene expression of ASCL1, CEPBα
and PPARα between groups as follows: A, Control vs. DHA-G fed animals using
subcutaneous adipose tissue; B, Control vs. DHA-G fed animals using visceral adipose tissue;
C, Subcutaneous vs. visceral adipose tissue in lambs fed the control diet; and D, Subcutaneous
vs. visceral adipose tissue in lambs fed DHA-G. Units for fold change in gene expression =
2-ΔΔCT
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adipose tissue of lambs fed DHA-G (r = -0.602, P = 0.014; Table 8.4.). miR-106, -136 and -
376d were negatively correlated with ACSL1, C/EBPα and PPARα in subcutaneous adipose
tissue of lambs fed DHA-G (Table 8.4.). MiR-142-5p was negatively correlated with PPARα
in both fat depots of lambs fed the control diet (r = -0.769, subcutaneous; r = -0.605, visceral
adipose tissue, P < 0.01), even though it was not a predicted target of miR-142-5p.
8.5. Discussion
Altering dietary fatty acid composition has been shown to have no effect on growth
and carcass characteristics of mice supplemented with CLA or soybean oil (Mir et al., 2003),
or lambs fed fish oil (Atti et al., 2007) or palm oil (Castro et al., 2005). This may be attributed
to the isolipidic nature of the lipid supplements used in these studies. In agreement with this,
the addition of DHA-G to the diet did not alter growth rate or carcass characteristics in
Canadian Arcott lambs (Meale et al., 2014). There was, however, a difference in the
accumulation of long chain n-3 FA, DHA and EPA, in subcutaneous and visceral adipose
tissues, reflecting the ability of a portion of these FAs to escape biohydrogenation in the
rumen and thus, enter the circulatory system for presentation to adipocytes (Joseph et al.,
2010).
Several miRNAs have been identified as regulators of adipocyte differentiation in cell
cultures (Sun et al., 2009), in human adipose tissue (Esau et al., 2004), in fat bodies in flies
(Teleman et al., 2006; Xu et al., 2003) and triglyceride metabolism and cholesterol
biosynthesis in the liver of mice (Esau et al., 2006; Krutzfeldt et al., 2005). Only recently has
the molecular mechanisms of bovine adipogenesis in different adipose depots been
investigated (Jin et al., 2010; Romao et al., 2012). However, the molecular mechanisms
which regulate incorporation of FA into ovine adipose tissue, ovine adipogenesis and lipid
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metabolism are unknown. To our knowledge, this is the first study to identify the role of
miRNA in ovine adipose tissue and the effect altering DHA level in the diet has on the
molecular regulation of ovine adipogenesis. Inclusion of only 3% of DM as DHA-G
significantly altered the expression of several miRNA’s proposed to regulate genes involved
in adipose tissue metabolism. Of the miRNA’s examined, expression of miR-142-5p,
exhibited the greatest change as result of inclusion of DHA-G in the diet with a 2.5 and 2.8
fold increase in subcutaneous and visceral adipose tissue, respectively. Although little is
known about the role of miR-142-5p in adipogenesis, Jin et al. (2010) reported a correlation
between backfat thickness and the expression of miR-142-5p in bovines whereby, expression
of miR-142-5p was down-regulated in cattle with thicker subcutaneous fat. Conversely,
Romao et al. (2012) observed no change (P = 0.171) in the thickness of subcutaneous fat,
despite the fact that miR-142-5p was up regulated in steers fed a high fat diet, suggesting that
this miRNA plays a critical role in regulating the deposition of subcutaneous adipose tissue.
A recent study by Parra et al. (2010) showed that manipulating dietary FA
composition through an increase in the concentration of conjugated linoleic acid, impacted
miRNA expression in retroperitoneal adipose tissue of mice. Interestingly, although sheep
and mice digest fat in a vastly different manner owing to differences in their digestive
systems, it appears that miRNA associated with adipogenesis can be altered by dietary fatty
acids in both species (Dodson et al., 2010; Taniguchi et al., 2008b). The results are in
agreement with previous reports (Jin et al., 2010; Romao et al., 2012) which examined a wide
range of miRNAs associated with adipogenesis, indicating that diet has a significant
influence on the molecular regulation of adipogenesis, regardless of how closely related the
species are.
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Similarly, although miRNA may be conserved across species, there is considerable
variation in their expression patterns. This variation may result from genetic or physiological
differences, as well environmental factors such as differences in diet. For instance, miR-103
was selected as our endogenous control due to its stable expression across both diet and
adipose depot in lambs. Similarly, Parra et al. (2010) reported addition of dietary CLA did
not affect miR-103 expression in retroperitoneal adipose tissue of mice, yet, Romao et al.
(2012) reported an up-regulation of miR-103 in subcutaneous and visceral adipose tissues of
cattle fed a high fat diet. Comparatively, inclusion of DHA-G in the diet of lambs down-
regulated the expression of miR-92a in subcutaneous adipose tissue, yet in steers fed a high
fat diet expression of miR-92a was up regulated in subcutaneous adipose tissue (Romao et
al., 2012), indicating the divergent regulatory mechanisms of adipogenesis among species
despite the conservation of specific miRNA.
To date, the molecular mechanisms of ovine adipogenesis in different adipose depots
have not been defined. Results of the current study suggest that differences in expression
patterns across adipose depots were more prominent than relatively minor changes in diet
composition. miRNA’s have been reported to be tissue specific in other species, including
pigs (Hishikawa et al., 2005), mice (Gao et al., 2011; Lagos-Quintana et al., 2002) and
humans (Liang et al., 2007) indicating the complex role that these regulators play in
differentiating metabolism among tissues. Expression of miR-101 and miR-16b were up-
regulated in visceral adipose tissue compared to subcutaneous adipose tissue, yet miR-2454
was down-regulated 16.8 and 9.0 fold in lambs fed control and DHA-G diets, respectively.
miR-2368* expression was up-regulated in subcutaneous adipose tissue when lambs were
fed the control diet; but when fed DHA-G, expression of miR-2368* was down-regulated 7.9
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fold. Previously, miR-2454 and miR-2368* were considered to be specific to bovines
(Glazov et al., 2009); however, their identification and quantification in the ovine suggests
that they may be conserved across ruminants. Although their function remains unknown, they
may play a role in regulating mRNA targets associated with PPARα, which plays a critical
role in the regulation of lipid metabolism including β-oxidation of fatty acids and energy
homeostasis (Bernardes et al., 2013; Flachs et al., 2009).
The six miRNAs selected for functional analysis (miR-142-5p, -487b, -101, -106, -
136 and -378) had at least one target gene predicted to have a role in adipogenesis. The
processes in which the predicted target genes were involved ranged from differentiation of
adipocytes to the regulation of the quantity of adipose tissue (Table 8.3.). However, due to
the small size of miRNA (19-24 nt) and their requirement for sequence complementarity with
only bases 2-8 from the 5’ end, known as the miRNA seed, accurate prediction of miRNA
gene targets is difficult and may identify hundreds of possible targets for one miRNA (He
and Hannon, 2004; Lewis et al., 2003; Saito and Sætrom, 2010). In the current study,
prediction of gene targets was based primarily on known bovine sequences as very few ovine
sequences have been described. Quantification of the ACSL1, CEBPα and PPARα genes in
both bovine and ovine adipose tissues indicates that perhaps these genes play a role in the
regulation of adipogenesis in ruminants. Supplementing DHA-G down-regulated the
expression of PPARα in subcutaneous adipose tissue, but resulted in up-regulation in visceral
adipose tissue (Fig. 8.2.). The expression of PPARα was negatively correlated with miR-101,
-136, -106 and -376d in subcutaneous adipose tissue of lambs fed DHA-G, suggesting that
these miRNA may regulate adipogenesis by targeting PPARα in ovines when long chain n-3
FA are included in the diet. Others have reported the supplementation of fish oil, high in EPA
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and DHA activates PPARα in abdominal adipose tissue depots of mice (Nakatani et al.,
2003). Similarly, Flachs et al. (2009) replaced 9% of dietary lipids with DHA and reported a
reduction in fat accumulation in adult mice. These authors’ attributed this to regulation of
transcription factors from the PPAR and C/EPB families.
A similar down-regulation of C/EBPα, another transcription factor involved in the
regulation of adipogenesis (Joseph et al., 2010; Lefterova and Lazar, 2009), was observed in
subcutaneous adipose tissue of lambs fed DHA-G. Like PPARα, C/EBPα was also negatively
correlated with miR-136, -106 and -376d indicating these miRNA may play an important
role in the regulation of adipogenic gene expression in ovines Although C/EBPα is known to
regulate adipocyte differentiation in mice (Wang et al., 1995) and swine (Hausman, 2000),
its expression has not been detected in bovine adipocytes (Taniguchi et al., 2008a), nor was
it expressed in in vitro studies on the differentiation of preadipocytes derived from bovine
bone marrow (Tan et al., 2006). This indicates that the transcriptional regulation of genes
involved in adipogenesis in ovine may be more similar to mice, than that of bovine.
The ACSL1 gene esterifies long chain FA (C14-C22) under the regulation of PPARα
and PPARγ (Coleman et al., 2002; Lobo et al., 2009; Rubinow et al., 2013). Functionally,
ACSL1 has been implicated in pathways of neutral lipid synthesis as well as in both
mitochondrial in the heart and peroxisomal β-oxidation in the liver and adipose tissue
(Coleman et al., 2002; Nakakuki et al., 2013). Supplementation of DHA-G down-regulated
ACSL1 expression in both subcutaneous and visceral adipose tissues; however, no
correlation was observed between miR-142-5p and ASCL1, despite a significant down-
regulation of miR-142-5p in both subcutaneous and visceral fat when DHA-G was included
in the diet. ASCL1 was, however, negatively correlated with miR-136 in subcutaneous
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adipose tissue of all lambs and with miR-376d and -106 in the subcutaneous adipose tissue
from lambs fed DHA-G. This together with the lack of correlation of C/EBPα with its
proposed regulator, miR-101 in lambs, suggests that there may be some divergence in
regulatory mechanisms of adipogenesis between bovines and ovines.
8.6. Conclusion
In conclusion, our study shows that specific miRNA in adipose tissue from lambs can be
manipulated by altering the fatty acid composition of the diet. It is apparent that miRNAs
considered to be involved in the process of adipogenesis in bovine are also present in ovine
and appear to play a role in this biological process; but the specific miRNAs by which
adipogenic genes are regulated may differ between these two species.
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Tables
Table 8.1. Ingredients and chemical composition of control and
DHA-G diets
Item Control DHA-G
Ingredients, %
Barley, steam rolled 46.32 44.37
Oat Hulls 10.0 10.0
Beet pulp 9.0 9.0
Beet molasses 2.50 2.50
Alfalfa hay (fine chop) 27.5 27.5
Calcium carbonate 1.80 1.80
Flax oil 1.05 0.00
DHA-G 0.00 3.00
Sheep Mineral2 1.30 1.30
Feed Pellet Binder 0.50 0.50
Vitamin A, D, E 0.025 0.025
Chemical composition
Dry matter, % 89.9 ± 1.69 91.2 ± 0.45
Crude protein, % DM 12.7 ± 0.35 13.6 ± 0.70
Neutral detergent fibre, % DM 25.9 ± 1.42 28.1 ± 1.26
Acid detergent fibre, % DM 19.4 ± 0.94 19.7 ± 0.46
Ether extract, % DM 6.2 ± 0.02 6.5 ± 0.08
NFC1, % DM 44.3 ± 1.37 43.9 ± 1.24
Ash, % DM 9.4 ± 0.34 8.3 ± 0.38
1NFC, nonfibrous carbohydrates [NFC = 100 − (CP + NDF + EE +
ash)].
2Sheep mineral consisted of salt (92.7%), Dynamate (5.0%), zinc
sulphate (0.9%), manganese sulphate (0.8%), canola oil (0.4%), and
selenium premix (0.1%). Percentages are given on a DM basis.
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Table 8.2. Fatty acid profile of dietary treatments
Composition, g/100 g
total FAME Control DHA-G
18:0 3.02 1.77
18:2 c,c 29.57 34.45
18:3 27.04 10.78
20:5 n-3 (EPA) 0.25 0.31
22:6 n-3 (DHA) 0.21 15.02
PUFA 58.88 55.37
SFA 16.43 25.91
UFA 83.57 74.09
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Table 8.3. Functional analysis of gene targets involved in lipid metabolism and adipogenesis
Category Function Pathways P-value Predicted gene targets involved
Lipid
Metabolism
internalization internalisation of
FA
3.09E-03 ACSL1, SLC6A1
internalisation of
DHA
2.14E-02 ACSL1
movement efflux of LC-FA 1.08E-02 ACSL1
movement of lipid 5.13E-03 ABCA1, ABCG4, NPC1
metabolism metabolism of
phospholipid
5.44E-03 ABHD5, ACSL6, DGKE, DRD1,
IGF1, KIT, LRAT, MTMR2,
PIK3C2α, PIK3Cδ, PLA2G16, PTEN,
RHOA, RHOQ, SH3KBP1, SLC6A6,
SYNJ1
metabolism of
phosphoinositide
1.27E-03 IGF1, KIT, MTMR2, PIK3C2α,
PIK3Cδ, PTEN, RHOA, RHOQ,
SH3KBP1
synthesis synthesis of
phosphoinositide
3.10E-03 IGF1, KIT, MTMR2, PIK3C2α,
PIK3Cδ, RHOA, RHOQ, SH3KBP1
regulation regulation of
phosphoinositide
7.75E-04 MTMR2, PIKFYVE, PTEN
hydroxlyation hydroxylation of
DHA
1.04E-02 CYP2U1
Connective
Tissue
Development
and Function
differentiation differentiation of
adipocytes
1.14E-02 ARL4A, ADRB1, ARID5B, BMP2,
CCND1, CEBPα, CREB1, CREB5,
CTBP2, EBF1, FBXW7, FN1,
FNDC3B, FOXO1, FRZB, GLIS3,
GSK3B, HMGA2, IRS1, JDP2, LIF,
LRP6, MAP3K12, MAPK9, METTL8,
PIK3R1, PLCB1, PPARα, PPARδ,
PRDM16, SLC25A27, SLC2A4,
SMAD6, SMAD7, SOCS7, TBL1X,
TGFB1I1, TIMP3, WWTR1
adipogenesis adipogenesis 1.80E-04 BMP2, BMPR2, CCND1, CREB1,
E2F1, E2F3, KLF6, LIF, NR4A2,
NR4A3, OSM, PDE3B, PLA2G6,
PPARα, PPARδ, TGFB1I1, ZBTB7A
quantity quantity of adipose
tissue
2.87E-03 ADAM12, ADRB1, ARID5B,
ANGPTL2, CEBPα, CUX1, DUSP1,
EBF1, E2F1, GHR, KL, KLF3,
MTOR, PIP5K1α, PPARα,
PPARGC1α, PPARGC1β, PRKCE,
RAE1, RASGRF1, SIM1, SLC12A2,
STARD13, TRIM63
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Table 8.4. Significant correlations between predicted target genes and differentially
expressed miRNAs in lambs fed either the control or DHA-G diet in subcutaneous adipose
tissue
0% DHA-G 3% DHA-G
ACSL1 C/EPBα PPARα ACSL1 C/EPBα PPARα
miR-101 -0.602 *
miR-136 -0.545 * -0.784 ** -0.961 ** -0.954 **
miR-487b
miR-376d -0.932 ** -0.995 ** -1.000 **
miR-106 0.705 * -0.753 ** -0.926 ** -0.933 **
miR-142-5p -0.769 ** 0.644 ** 0.577 *
** P < 0.001
* P < 0.05
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Chapter 9 – General Discussion
The inclusion of a bacterial direct fed microbial, Propionibacterium freudenreichii;
crude glycerin; and two species of algae, Schizochytrium spp. and Ascophyllum nodosum, all
of which have shown promise in vitro, were selected for further study in this thesis. The
primary mode of action by which these additives cause a reduction in CH4 production arises
from their ability to shift ruminal fermentation in favour of increased propionate production.
Such an increase in propionate is theoretically linked to an increase in energy available to the
animal for growth and could thus, improve the efficiency of meat and milk production.
Additionally, products with a high PUFA content undergo extensive biohydrogenation in the
rumen which, due to the utilisation of hydrogen, forms an alternative hydrogen sink to
methanogenesis, albeit a minor one (Johnson and Johnson, 1995; Martin et al., 2010;
Nagaraja et al., 1997). This process of hydrogenating dietary UFA also has a significant
impact on the FA profile of both meat and adipose tissue with corresponding impacts on their
quality and health attributes. The benefit of increased amounts of long chain n-3 PUFA
consumption is becoming more widely recognised as they decrease the risk of cardiovascular
disease and play a key role in cerebral development and function (Department of Health,
1994; SACN/Committee on Toxicity, 2004). As such, an understanding of how these FA
may affect ruminal fermentation processes, biohydrogenation and their subsequent
incorporation into ruminant tissues, is necessary for continued consumer acceptance of
ruminant products. Furthermore, an understanding of the regulatory mechanisms at play in
determining the incorporation of FA produced following the feeding of these additives is key
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to understanding the process as a whole and potentially facilitating the successful
manipulation of FA biohydrogenation and tissue incorporation.
9.1. Propionibacteria
Propionibacterium spp. have been shown to promote propionate production in the
rumen (Lehloenya et al., 2008; Stein et al., 2006) which acts as an alternative hydrogen sink
to methanogenesis. Recently, Alazzeh et al. (2012) screened 16 strains of propionibacteria in
mixed ruminal in vitro incubations and demonstrated that although some strains had the
potential to reduce CH4 production; it was not always associated with an increase in
propionate.
Propionibacteria are also considered to play a role in biohydrogenation of FA.
Wallace et al. (2007) reported that P. acnes is involved in the production of CLA t-10, c-12.
This CLA isomer has been reported to undesirably increase the ratio of low density
lipoprotein to high density lipoprotein cholesterol, as well as the amount of total cholesterol
in healthy adult men (Pariza et al., 2001; Tricon et al., 2004).The only other reported effects
of Propionibacterium spp. on FA biohydrogenation arise from pure culture studies where
they were grown in media with pure linoleic acid (Hennessy et al., 2012; Wang et al., 2007).
The work conducted in this thesis used P. freudenreichii strain T54 due to its promising
effects on lowering CH4 as reported by Alazzeh et al. (2012).
As such, my first study (Chapter 4) aimed to build on the previous in vitro work using
an artificial rumen (RUSITEC) in attempts to better simulate the responses that might be
observed in vivo. The effects observed confirm P. freudenreichii strain T54 shifts ruminal
fermentation towards the production of propionate with a corresponding reduction in CH4
production, providing support for the consideration of P. freudenreichii as a means of
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mitigating enteric CH4. This, in conjunction with the observed increase in microbial protein
synthesis as compared to the CON is an important finding, as it illustrates the potential for
P. freudenreichii to increase the supply of energy and microbial protein in vivo if a similar
response is observed.
Chapter 4 further investigated P. freudenreichii strain T54 for its effects on the
biohydrogenation and CH4 production from a diet containing flaxseed oil. Flaxseed oil is
commonly included in ruminant diets due to its high content of linoleic acid, which is
biohydrogenated to CLA c-9, t-11 (rumenic acid) and 18:1 t-11 (vaccenic acid). The latter
can also be desaturated to rumenic acid in ruminant adipose tissue. Despite this, no effects
on rumenic acid concentrations were observed, yet a shift towards an increase in CLA t-10,
c-12 was observed. This is in agreement with the results of Roy et al. (2006) which noted a
similar shift in the biohydrogenation pathway with the inclusion of 5% DM sunflower oil in
hay-, concentrate- or corn silage-based diets. P. freudenreichii strain T54 caused an
undesirable reduction in vaccenic acid concentrations in the digesta; however, no effects were
observed on rumenic acid in either digesta or effluent.
As propionibacterium has been shown to increase the conversion of linoleic acid to
CLA and vaccenic acid (Rainio et al., 2002), it was hypothesised that the inclusion of P.
freudenreichii in a TMR containing flaxseed oil would increase the production of rumenic
and vaccenic acids. However, no such effects were observed and in fact, the inoculation of
P. freudenreichii had no additional effects on biohydrogenation beyond that of flaxseed oil.
This contradicts previous reports in pure culture studies (Hennessy et al., 2012; Wang et al.,
2007); however, this is the first study to examine the effects in an artificial rumen containing
mixed microbial populations. Additionally, it is also possible that propionibacteria were
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unable to proliferate and survive within the native ruminal microbial population within the
fermenters and therefore, declined following inoculation. As such, these results indicate that
inoculation of P. freudenreichii strain T54 in a TMR, with or without flaxseed oil, may not
have the ability to effectively manipulate ruminal FA biohydrogenation in a manner that
increases production of desirable intermediates such as vaccenic or rumenic acid.
9.2. Crude Glycerin / Glycerol
Crude glycerin is produced as a by-product of the transesterification of a vegetable
oil to produce ethanol (Balat, 2008). As the energy and transport industries shift towards
more renewable sources of fuel, crude glycerin is expected to become increasingly available
as a by-product for use as an energy source in ruminant diets. The fermentation of glycerin
has long been known to shift ruminal fermentation in favour of propionate (Johns, 1953;
DeFrain et al., 2004; Rémond et al., 1993; Schröder and Südekum, 1999). However, very
few studies have examined the potential for this shift in VFA proportions to translate into
reductions in CH4 production.
The in vitro and in vivo studies (Chapter 5) aimed to provide a complimentary
examination of the effects of crude glycerin on ruminal fermentation and sheep production.
Results of the in vitro study were in agreement with studies conducted by Avila et al. (2011;
2013a; 2013b) as it was found that the inclusion of crude glycerin at up to 12% DM had no
effect on in vitro gas production (mL/g DM) or CH4 production (mL/g DM). Contrary to
previous reports the in vitro study did not observe a shift in fermentation towards an increased
production of propionate suggesting there is no obligation for crude glycerin to be
preferentially fermented to propionate, as carbon can be oxidised and subsequently converted
to acetate (Avila-Stagno et al., 2013b; Fig. 9.1.).
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The in vivo examination provided the first report of crude glycerin supplementation
on wool production and feeding behaviour in mature Merino ewes. The observed increase in
eating rate (g/min) counteracted the decrease in time the ewes spent eating (min/d) diets
supplemented with crude glycerin, such that DMI (g/d) was not affected when crude glycerin
was included. This is in agreement with previous studies which reported that substitution of
crude glycerin for wheat grain and soybean meal in diets fed to dairy cattle and sheep up to
15% in the diet (DM basis; Schröder and Südekum, 1999) or dry-rolled corn up to 20% DM
in lamb diets (Gunn et al., 2010) had no effects on DMI.
Glucose and glutamine appear to be the predominant energy substrates available to
the wool follicle, whereas acetate fails to maintain fiber growth (Hynd and Masters, 2002).
As glycerol can be fermented to propionate, a gluconeogenic precursor (Donkin et al., 2009),
it was considered that crude glycerin had the potential to increase energy availability to wool
follicles. However, no effects on wool length or fibre diameter were observed, perhaps a
Figure 9.1. Main fermentation pathways of glycerol in the rumen (Ungerfeld and Forster,
2011; Zhang and Yang, 2009).
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reflection of the similar propionate production levels of all treatments in vitro. Additionally,
a strong linear relationship exists between DMI and wool growth, and as a uniform intake of
isonitrogenous, isolipidic diets were observed, it is expected that wool production and quality
would be similar across all diets. Despite no effects on wool production, crude glycerin can
be successfully included in wool producing sheep for the replacement of wheat grain at up to
12% (DM basis); however, the current cost of glycerin may limit its inclusion.
9.3. Micro-algae
The third study (Chapter 6) examined the in vivo inclusion of a commercial micro-
algae product, Tasco® (A. nodosum), to provide a comparison of micro-algae with that of
other dietary oils to determine its potential as an alternative lipid source, as oils are often
included in ruminant diets to illicit modifications in the FA profile of meat and milk. Tasco®
was chosen for the current study as it had comparable DHA concentrations to canola,
safflower and flax oils, facilitating an investigation of the effects providing lipids in different
forms may have on growth, carcass characteristics, wool production and the FA profile of
various tissues. The lack of effect on production, wool or carcass characteristics suggests that
Tasco® can successfully be included in lamb diets at 2% (DM basis) as a replacement for
these oils. Shifts in the FA profiles were observed such that, Tasco® supplemented lambs
produced comparable profiles in skirt muscle and subcutaneous adipose tissue of lambs fed
canola oil (higher SFA/PUFA), but flax oil resulted in comparatively higher n-3
accumulation and thus, the lowest n-6/n-3 ratio. These results indicate that supplementation
of micro-algae will illicit similar responses to dietary oils with comparable FA profiles such
as canola oil, safflower oil and flax oil.
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The fourth study (Chapter 7) further examined the inclusion of micro-algae, in this
case DHA-Gold® (DHA-G, Schizochytrium spp.) in lamb diets. DHA-G is becoming
increasing available as an oil source following the commercialisation of Schizochytrium spp.,
which is cultured in a fermentation bioreactor under controlled conditions. The current study
built on the previous trial exploring the dose response effects of replacing flax oil and barley
with DHA-G, high in long chain n-3 FA DHA and EPA. Flax oil produced a beneficial shift
in the FA profiles of lamb in the previous study whereas, Tasco® failed to produce a desirable
FA profile in ruminant tissues (Chapter 6). However, the supplementation of similar levels
of DHA-G (1-3% DM basis) for the entire duration of the finishing period proved effective
in causing a favourable manipulation of the FA profile of lamb tissues, such that, the total n-
3 content increased and the n-6/n-3 ratio declined. The in vivo results suggest that a dietary
level of DHA-G of only 3% results in an increased accumulation of DHA in lamb tissues
sufficient to classify the product as n-3 enriched, according to Australian and Canadian
standards. This is considered to result from the minimal biohydrogenation that these long-
chain n-3 PUFA undergo in the rumen (Maia et al., 2010). This is important as consumers
are becoming increasingly aware of the health benefits associated with consumption of n-3
FA.
These results provide the first investigation into the impact of including the
commercially produced A. nodosum and Schizochytrium spp. on the FA profile of lamb
tissues. Together they indicate these species of micro-algae can successfully be included in
the diets of lambs with no adverse effects on production, carcass characteristics or wool
production and quality. Additionally, they outline the importance of the FA profile of the
micro-algae when considering their inclusion in diets to manipulate FA content of ruminant
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tissues. If an increase in DHA level of tissues is to be elicited, then it is essential that a high
DHA producing species of micro-algae, such as Schizochytrium spp., be selected. Likewise,
these results provide an essential basis on which further investigations can be conducted
regarding the optimal dose and length of supplementation required to enrich lamb tissues
with n-3. There is the potential that supplementation may only need to be conducted for a
few weeks to achieve similar results.
As molecular technologies advance, a more in depth knowledge of the mechanisms
regulating production characteristics and the influence of dietary manipulation on these
mechanisms is accumulating. The investigation into the molecular mechanisms (miRNA and
mRNA) regulating ovine adipogenesis provides the first account of miRNA expression
across different adipose depots in sheep and the associated influence of dietary FA
composition on adipogenesis at a molecular level (Chapter 8). Understanding how dietary
FA supplied from micro-algae, are incorporated into ovine tissues is of benefit, as this
knowledge can be used to determine what effects increased DHA and EPA have on
adipogenesis following biohydrogenation. This would facilitate the selection of specific
supplements which not only shift biohydrogenation toward the production of desirable FA,
such as long chain n-3 FA, but also consider the effects these end-products may have on the
regulation of adipogenesis, ultimately controlling their incorporation into ruminant adipose
tissue. In chapter 8, molecular regulators of ovine adipogenesis in subcutaneous and perirenal
adipose depots were identified and the effects of diet investigated. miRNAs were
differentially expressed according to diet and tissue depot. Functional analysis of six miRNA
identified three genes of interest, ACSL1, PPARα and CEPBα, the expression of which were
also affected by both diet and tissue depot. miR-101, -106 and -136 were negatively
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correlated with their respective predicted gene targets C/EBPα, PPARα and ACSL1 in
subcutaneous adipose tissue of lambs fed DHA-G. Yet, miR-142-5p and miR-101 showed
no correlation with ACSL1 or C/EBPα. The variability in expression patterns of miRNAs
across adipose depots reflects the tissue specific nature of adipogenic regulation.
Additionally, it was noted that the expression patterns of the examined miRNA in the current
study differed from those reported in cattle by Romao et al. (2012), suggesting that although
the conservation of molecular regulators across these two species was observed, their roles
appear to differ between these species. This is of importance as the principles of sheep and
cattle nutrition are often characterised as being similar, due to their ruminant digestive
systems. The current study (Chapter 8) highlighted an important comparison between the two
species that should form the basis of further investigation of the molecular regulation of
adipose tissue deposition and the effect of diet, as it is the partitioning and deposition of
adipose tissues and muscle that determines the economic value of lamb.
From the studies carried out in this thesis, it can be concluded that:
1. P. freudenreichii successfully reduced CH4 production and has the potential to improve
growth if a similar shift in fermentation can be observed in vivo.
2. P. freudenreichii has a limited ability to affect ruminal fermentation patterns.
3. Crude glycerin increased propionate but did not affect in vitro CH4 production.
4. Crude glycerin can replace wheat grain in sheep diets at up to 12% DM basis.
5. Micro-algae can be included in lamb diets to elicit changes in tissue FA profiles.
6. Micro-algae species with higher DHA contents are more likely to favourably alter FA
profiles of lamb tissue, from a human health perspective.
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7. Inclusion of DHA-G (Schizochytrium spp.) at 3% DM basis is sufficient to cause an
‘enrichment’ of skirt muscle with n-3 FA according to both Australian and Canadian
standards.
8. The molecular regulation (miRNA) of adipogenesis varies according to adipose depot
and can be influenced by diet.
9.4. Future Directions
The investigation of P. freudenreichii for inoculation into ruminant feeds is still in its
infancy. To-date very few studies have been conducted in vivo as in vitro effects have been
inconsistent. The apparent inability of these bacteria to survive and proliferate in the native
ruminal microbiota is of primary concern. An in vitro study conducted in our laboratory
(Vyas et al., unpublished data) showed a decline in bacterial numbers following inoculation
suggesting that its impact on rumen fermentation may be limited if it is rapidly eliminated
from the microbial population. Although the optimal method of administration is not yet
known, the shelf-life of the bacteria and thus, its ability to be stored by producers is an
important consideration.
A similar argument could be made for the potential inclusion of crude glycerin in
ruminant diets, in that, in vitro results have been highly inconsistent in regard to CH4
production, with minimal effects observed in vivo. It was predicted that a rapid expansion of
the biofuel industry would occur and an ensuing surplus of crude glycerin would follow.
However, to-date no such surplus has become available and consequently, the price of crude
glycerin remains well above that of traditional energy supplements. Additionally, there is
concern over the potential levels of methanol remaining in crude glycerin following the
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transesterification reaction. Although, methanol is largely recaptured, the extent to which
crude glycerin is purified is economically driven by the market of its intended use. As such,
the current cost of crude glycerin is the major limitation preventing its adoption.
Supplementation of micro-algae proved most effective in modulating a beneficial
accumulation of long-chain n-3 PUFA in lamb tissues. The different tissue FA profiles
observed with the two species of micro-algae indicate that not all micro-algae are equal in
their ability to synthesize long chain n-3 PUFA. There is, however, the potential to
manipulate the amount of n-3 LC-PUFAs produced in algae as the FA profile is dependent
on the culture conditions employed. Stresses such as nitrate starvation (Yang et al., 2013),
increased salinity (Yokochi et al., 998), changes in light intensity (Lu et al., 2001) or
variations in the amount and composition of carbon (Yokochi et al., 1998) can increase lipid
synthesis and n-3 LC-PUFA accumulation. Optimization of these conditions is challenging,
as abiotic stressors lead to an accumulation of triacylglycerides but at the cost of a reduction
in biomass yield. Consequently, the selection and breeding of species with desirable
production characteristics is recommended. Potential stages that could be used in the
development and optimisation of high long-chain producing n-3 PUFA micro-algal species
are presented in Fig. 9.2.
Selection of micro-algal species based on the proportion of free FA (FFA) can
determine the extent to which biohydrogenation is inhibited. For example, effects of micro-
algae on lipolysis and biohydrogenation of 18:3n-3 and 18:2n-6 are considered proportional
to the amount of unesterified DHA available, as the hydrolysis of esterified FA to FFA is a
pre-requisite for biohydrogenation. In an in vitro study by Boeckaert et al. (2007b) the
supplementation of micro-algae TV-20 C. cohnii with only 11% FFA showed no inhibitory
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effects on biohydrogenation and released only an additional 7% of esterified FA after 24 h
of incubation whereas, supplementation of a commercial algal product Aquagrow containing
C. cohnii, Saccharomyces cerevisiae and Na-alginate, had an initial 87% FFA and
consequently strongly inhibited biohydrogenation. Such a reduction in biohydrogenation of
PUFA may increase the accumulation of unesterified EPA and DHA, which is of nutritional
and ecological importance as an increased post-ruminal supply of these PUFA may increase
their incorporation into ruminant tissues.
Further investigations into the effects of FA supplementation on specific ruminal
bacteria, especially those involved in the biohydrogenation of long chain n-3 PUFA EPA and
DHA are needed. The characterisation and sequencing of bacteria, at a species level, is
lacking. In order to characterise bacteria involved in the different biohydrogenation steps,
research could utilise existing knowledge of rumen methanogenesis as both are competitive
process utilising hydrogen and are known to be affected by FA supplementation. Following
identification of bacterial species their role in biohydrogenation should be further studied in
pure culture.
Additionally, there is the potential that marine algae may exert antioxidative,
antibacterial or cytotoxic effects, as the accumulation of such toxins is considered a natural
predatory defence mechanism (Scholz and Liebezeit, 2012). Such toxins may impact
consumption and ruminal degradation and should be an avenue of further research. Similarly,
tannins present in A. nodosum have been proposed as a means of favourably altering ruminal
biohydrogenation by inhibiting the reduction of vaccenic acid to stearic acid (Vasta et al.,
2009). Further characterisation of these effects and the potential roles of tannins in the
inhibition of biohydrogenation, including the species of bacteria affected, may help to
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identify if algal species with known tannin concentrations should be considered for inclusion
in ruminant diets.
As lamb meat is often considered fatty, a greater understanding of the deposition of
fat in lambs may facilitate a reduction in quantity or an improvement in its composition to
benefit human health. The results of molecular studies should be further validated through
the use of Northern blotting and stem-loop Q-PCR. As the sheep genome becomes available
a deep sequencing approach could also be employed to identify novel sheep miRNAs
Figure 9.2. Stages in the development of high long chain n-3 PUFA producing micro-
algae as a feed supplement to enhance tissue incorporation of n-3 FA in sheep
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involved in adipogenesis. Additionally, proteomic work could be used to further characterise
the biological effects that changes in miRNA and gene expression may have. Most studies
exploring the regulation of adipose tissue rely on data from gene expression experiments at
the mRNA level. However, transcript levels do not necessarily correlate with phenotype. As
such, evaluation of proteome changes in different tissue depots and with different diets may
provide insights into the effects of altering regulation at a miRNA level.
Although promising results of micro-algae inclusion have been reported in this thesis,
at this stage, it remains an expensive alternative to fish oil and as such its inclusion in large
scale production systems is limited. The current cost of fish oil inclusion is approximately
AUS$3/kg in comparison to Tasco® ($5/kg), DHA-Gold ($19/kg) or other species of micro-
algae including Aqua-grow ($53/kg) or TV-20 C. cohnii ($30/kg; Boeckaert et al., 2007a).
Although the availability of fish oil is declining and the commercialised large scale
production of micro-algae is increasing, the target market for micro-algae is either direct
human consumption or use in biofuel production. By-products of which are generally devoid
of lipids and as such would not have the same potential for use as alternative lipid
supplements nor would they be expected to illicit similar responses in the FA composition of
ruminant tissues. The harvesting of micro-algae for direct large scale feeding in ruminants
would therefore be in direct competition with the biofuel industry, driving the price of this
product upwards.
Ultimately, industry adoption of these additives is dependent upon the potential
economic returns. As feed is the primary cost in any ruminant production system, it is an
essential aspect to consider, as even though production may be enhanced and consumer
demands met, if it is not economically viable to incorporate these additives in sheep diets,
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they will not be adopted. There is the potential that supplementation for the entire finishing
period was excessive and that it may only be required for a few weeks to obtain desirable
changes in FA profiles. Additionally, the optimal timing of supplementation should be
determined, in order to achieve the most desirable FA profiles in lamb at the lowest cost.
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Appendix 1
Table S8.1. Predicted miRNA gene targets with function related to lipid metabolism and/or lipogenesis
miRNA Symbol Entrez Gene Name
miR-101 ADAM12 disintegrin and metalloproteinase domain-containing protein 12
ADRB1 adrenergic, beta-1, receptor
ANGPTL2 angiopoietin-related protein 2 also known as angiopoietin-like protein 2
ARID5B AT-rich interactive domain-containing protein 5B
CEBPα CCAAT/enhancer-binding protein α
CREB1 CAMP responsive element binding protein 1
CTBP2 C-terminal-binding protein 2
CUX1 cut-like homeobox 1
DUSP1 dual specificity protein phosphatase 1
FBXW7 F-box/WD repeat-containing protein 7
FN1 Fibronectin
FOXO1 forkhead box 01
GHR growth hormone receptor
GSK3β glycogen snythase kinase 3 beta
JDP2 Jun dimerization protein 2
KL klotho precursor
KLF3 kruppel-like factor 3
METTL8 methyltransferase like 8
MTOR mammalian target of rapamycin
PPARα periosome proliferator-activated receptor α
PPARGC1
β
peroxisome proliferator-activated receptor gamma, coactivator 1 beta
PRDM16 PR domain containing 16
PRKCE protein kinase C, epsilon
RAE1 RAE1 RNA export 1 homolog (S. pombe)
RASGRF1 Ras protein-specific guanine nucleotide-releasing factor 1
SLC12A2 solute carrier family 12 (sodium/potassium/chloride transporters), member
2
SOCS7 suppressor of cytokine signaling 7
TIMP3 TIMP metallopeptidase inhibitor 3
TRIM63 tripartite motif containing 63
WWTR1 WW domain containing transcription regulator 1
miR-106 ARL4A ADP-ribosylation factor-like protein 4A
BMP2 bone morphogenetic protein 2
BMPR2 bone morphogenetic protein receptor type 2
CCND1 G1/S-specific cyclin-D1
CREB1 CAMP responsive element binding protein 1
CREB5 Cyclic AMP-responsive element-binding protein 5
E2F1 transcription factor E2F1
E2F3 transcription factor E2F3
FNDC3B fibronectin type III domain containing 3B
FRZB frizzled-related protein
GLIS3 GLIS family zinc finger 3
HMGA2 high-mobility group AT-hook 2
KLF6 kruppel-like factor 6
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Table S8.1. Continued
miRNA Symbol Entrez Gene Name
LIF leukemia inhibitory factor (cholinergic differentiation factor)
MAP3K12 mitogen-activated protein kinase 12
MAPK9 mitogen-activated protein kinase 9
MTMR2 myotubularin-related protein 2
NR4A2 nuclear receptor subfamily 4, group A, member 2
NR4A3 nuclear receptor subfamily 4, group A, member 3
OSM oncostatin M
PDE3B phosphodiesterase 3B, cGMP-inhibited
PIK3R1 phosphoinositide-3-kinase, regulatory subunit 1
PIKFYVE phosphoinositide kinase, FYVE finger containing
PLA2G6 phospholipase A2, group VI (cytosolic, calcium-independent)
PLCB1 phospholipase C, beta 1 (phosphoinositide-specific)
PPARα periosome proliferator-activated receptor α
PPARδ peroxisome proliferator-activated receptor delta
PTEN phosphatase and tensin homolog
SLC25A27 solute carrier family 25, member 27
SLC2A4 solute carrier family 2 (facilitated glucose transporter), member 4
SMAD6 SMAD family member 6
SMAD7 SMAD family member 7
SOCS7 suppressor of cytokine signaling 7
TBL1X transducin (beta)-like 1X-linked
TGFB1I1 transforming growth factor beta 1 induced transcript 1
WWTR1 WW domain containing transcription regulator 1
ZBTB7A zinc finger and BTB domain containing 7A
miR-136 ARID5B AT-rich interactive domain-containing protein 5B
CUX1 cut-like homeobox 1
CYP2U1 cytochrome P450, family 2, subfamily U, polypeptide 1
E2F1 transcription factor E2F1
PIP5K1α phosphatidylinositol-4-phosphate 5-kinase, type I, α
PPARGC1α peroxisome proliferator-activated receptor gamma, coactivator 1 α
PPARGC1 peroxisome proliferator-activated receptor gamma, coactivator 1 beta
SIM1 single-minded homolog 1 (Drosophila)
SLC12A2 solute carrier family 12, member 3
miR-142-5p ABCA1 ATP-binding cassette, sub-family A (ABC1), member 1
ABCG4 ATP-binding cassette sub-family G member 4
ABHD5 adhydrolase domain containing 5
ACSL1 acyl-CoA synthetase long-chain-family member 1
ACSL6 acyl-CoA synthetase long-chain family member 6
DGKE diacylglycerol kinase, epsilon
DRD1 dopamine receptor D1
IGF1 insulin-like growth factor 1
KIT tyrosine-protein kinase Kit
LRAT lecithin retinol acyltransferase
MTMR2 myotubularin-related protein 2
NPC1 Niemann-Pick disease, type C1
PIK3C2α phosphatidylinositol-4-phosphate 3-kinase, catalytic subunit type 2 α
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Table S8.1. Continued
miRNA Symbol Entrez Gene Name
PIK3Cδ phosphoinositide-3-kinase, catalytic, delta polypeptide
PLA2G16 phospholipase A2, group XVI
PTEN phosphatase and tensin homolog
RHOA ras homolog gene family, member A
RHOQ ras homolog gene family, member Q
SH3KBP1 SH3-domain kinase binding protein 1
SLC6A6 solute carrier family 6 (neurotransmitter transporter, taurine), member 6
SYNJ1 synaptojanin 1
miR-376d ACSL1 acyl-CoA synthetase long-chain-family member 1
SLC6A1 solute carrier family 6 (neurotransmitter transporter, GABA), member 1
miR-487b IRS1 insulin receptor substrate 1
LRP6 low-density lipoprotein receptor-related protein 6
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